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	Tropospheric	O3	may	be	transported	from	the	stratosphere,	through	the	tropopause,	or	be	produced	by	near-surface	chemical	reactions.	Whilst	these	reactions	may	involve	natural	or	anthropogenic	gases,	the	production	of	pollutant	gases	like	mono-nitrogen	oxides	(NOx),	through	the	combustion	of	fossil	fuels,	is	a	main	source	of	low	altitude	O3	production.	Equation	1.1	shows	how	the	breakdown	of	NO2	by	photolysis	can	result	in	oxygen	atom	formation.	This	atom	is	highly	reactive	and	may	combine	with	O2	to	form	O3	(see	Equation	1.2,	Liu	and	Ridley,	1999).	M	is	representative	of	a	third	body,	often	N2	or	O2	although	particles	or	trace	gases	may	also	serve,	which	absorb	the	excess	energy	from	the	reaction	as	heat	(Coffey	and	Brasseur,	1999).		 NO! +  ℎ𝜈 ⟶ O+ NO   (λ < 400nm)	 	 	 Equation	1.1	O+  O! +𝑀 ⟶  O! +𝑀	 	 	 	 	 Equation	1.2	
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In	the	stratosphere,	photolysis	by	ultraviolet	radiation	splits	molecules	of	O2	into	O	atoms	as	shown	in	Equation	1.3.	Again,	as	in	Equation	1.2,	these	atoms	may	react	with	further	O2	and	produce	O3.	For	every	three	O2	split,	the	overall	reaction	produces	two	O3	molecules.		 O! +  ℎ𝜈 ⟶ O+ O   (λ < 242nm)	 	 	 	 Equation	1.3		
1.3.2	 	 Loss		In	the	troposphere,	the	main	loss	process	is	where	O3	is	photolysed	in	the	presence	of	water	vapour	(see	Equation	1.4)	to	an	excited	state	oxygen	atom,	O(1D),	and	O2.	This	O(1D)	may	then	go	on	to	combine	with	water	vapour	to	produce	2	hydroxyl	radicals	(Equation	1.5).	O3	may	also	be	lost	by	surface	deposition.		 O! +  ℎ𝜈 ⟶ O D ! +  O! 	 	 	 	 	 Equation	1.4	O D ! +  H!O ⟶ 2OH	 	 	 	 	 Equation	1.5		Stratospheric	O3	may	be	converted	back	to	O2	and	atomic	O	by	solar	radiation	(see	Equation	1.6,	Coffey	and	Brasseur,	1999)	and	these	processes	are	part	of	a	reaction	series	put	forward	by	Chapman	(1930)	to	describe	the	production	and	destruction	of	the	ozone	layer.	The	net	reaction	of	this	cycle	can	be	seen	in	Equation	1.7,	however	abundance	of	O3	is	overestimated	by	this	oxygen-only	mechanism,	indicating	that	further	loss	reactions	must	be	taking	place.		 O! +  ℎ𝜈 +𝑀 ⟶  O! + O+𝑀	 	 	 	 Equation	1.6	2O!  ⟶  3O!	 (net)	 	 	 	 	 	 Equation	1.7		These	additional	loss	mechanisms	are	from	a	number	of	catalytic	cycles	that	result	in	ozone	destruction.	The	basic	processes	can	be	seen	in	Equations	1.8	and	1.9	and	the	net	reaction	is	shown	in	Equation	1.10.	Here,	X	can	represent	a	variety	of	catalytic	species	present	in	the	natural	atmosphere,	including	H,	OH	and	NO,	as	well	as	the	halogens	Cl,	Br	and	to	a	lesser	extent	I.	Whilst	HOx	species	(H,	OH	and	HO2)	are	mostly	produced	in	the	stratosphere	from	the	reaction	of	energetically	excited	oxygen,	O(1D),	with	CH4	and	H2O,	NOx	species	(NO	and	NO2)	are	produced	through	the	breakdown	of	nitrous	oxide	(N2O).	The	breakdown	of	both	natural	and	anthropogenic	halocarbon	trace	gases	is	responsible	for	the	presence	of	stratospheric	Cl	and	Br.	However,	the	vertical	gradient	of	I	in	the	troposphere	is	uncertain	and	variable	and,	likely	due	to	its	shorter	photochemical	lifetime	and	the	lower	abundance	of	source	gases,	very	little	I	reaches	the	stratosphere.		 𝑋 +  O!  ⟶ 𝑋O+  O! 		 	 	 	 	 Equation	1.8	𝑋O+ O ⟶ 𝑋 +  O!	 	 	 	 	 	 Equation	1.9	O+  O!  ⟶  2O!			(net)	 	 	 	 	 Equation	1.10		This	work	is	focussed	on	chlorine	and	bromine	based	halocarbon	species	that	deplete	ozone	and	so	only	the	chlorine	and	bromine	ozone	chemistry	will	be	discussed	further.	
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1.4	 Chlorine	and	Ozone		The	increased	application	of	halogenated	species	in	industry	led	to	Stolarski	and	Cicerone	proposing	the	chlorine-catalysed	destruction	of	stratospheric	ozone	in	1974.		These	species	breakdown	through	photolysis	in	the	upper	stratosphere	and	release	chlorine	atoms,	an	example	of	which	is	shown	in	Equation	1.11	using	the	compound	CFC-12	(CCl2F2).			 CCl!F! +  ℎ𝜈 ⟶ CClF! + Cl	 	 	 	 	 Equation	1.11		Chlorine	atoms	participate	in	the	chlorine	catalytical	cycle	which	is	shown	in	Equation	1.12	and	1.13,	and	may	be	natural	or	anthropogenic	in	origin.	Since	there	is	increased	solar	radiation	at	tropical	and	mid-latitudes	in	the	stratosphere,	the	O3	destruction	cycle	is	also	increased	resulting	in	the	formation	of	more	atomic	oxygen.	This	can	then	be	used	by	the	process	in	Equation	1.13	to	recycle	the	Cl	atom,	which	in	turn	can	go	on	to	potentially	destroy	100,000	ozone	molecules	(Chiras,	2001).	As	such,	each	Cl	atom	in	the	stratosphere	has	a	very	high	potential	for	O3	destruction.		 Cl+  O!  ⟶ ClO+  O! 	 	 	 	 	 Equation	1.12	ClO+ O ⟶ Cl+  O! 	 	 	 	 	 	 Equation	1.13		This	catalytic	cycle	may	be	terminated	via	reactions	with	a	number	of	species	that	result	in	the	formation	of	‘reservoir’	compounds.	These	are	compounds	that	retain	ozone-destroying	species	in	an	inactive	form.	Chlorine	nitrate	(ClONO2)	is	produced	by	reactions	with	NOx	(Equation	1.14)	to	form	a	temporary	reservoir	for	ClO	and	reactions	with	HOx	do	the	same	with	the	formation	of	hypochlorous	acid	(HOCl,	Equation	1.15).	These	can	lead	to	non-linear	response	of	ozone	to	chlorine	transport	(Holloway	and	Wayne,	2010)	and	so,	when	assessing	the	potential	impact	of	ozone	destroying	chemical,	the	reservoir	load	must	be	included	in	the	quantification.	If	the	reservoirs	are	removed	from	the	stratosphere,	these	mechanisms	may	act	as	sinks	for	ClOx,	where	ClOx	refers	to	the	involved	chlorinated	species	(with	x	=	0,	1	or	2).		 ClO+  NO! +𝑀 ⟶  ClONO! +𝑀	 	 	 	 Equation	1.14	ClO+  HO!  ⟶ HOCl+  O! 	 	 	 	 	 Equation	1.15		However,	the	main	reservoir	for	ClOx	is	through	the	formation	of	hydrochloric	acid	(HCl),	which	acts	as	a	sink	by	removal	from	the	stratosphere	via	slow	transport	into	the	troposphere.	At	this	point	it	is	dissolved	by	water	and	released	in	rainfall.	HCl	is	thought	to	account	for	around	70%	of	stratospheric	chlorine	(Holloway	and	Wayne,	2010)	and	the	production	and	regeneration	reactions	are	shown	in	Equations	1.15	and	1.16.		 Cl+  CH!  ⟶  CH! + HCl	 	 	 	 	 Equation	1.16	OH+ HCl ⟶ Cl+  H!O	 	 	 	 	 Equation	1.17		
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1.5	 Bromine	and	Ozone		On	a	per-atom	basis,	compared	to	chlorine,	bromine	is	around	60	times	more	efficient	at	ozone	destruction	(Daniel	and	Velders,	2007)	and	there	are	three	associated	factors	that	contribute	to	this:		 1. Longer	wavelengths	photolyse	bromine	compounds	resulting	in	a	higher	percentage	of	free	bromine	atoms	than	chlorine.	2. Inefficient	formation	of	bromine	reservoir	species	and	these	are	readily	photolysed.	3. Free	chlorine	and	bromine	are	produced	through	coupling	between	chlorine-	and	bromine-catalysed	reactions.		There	are	also	three	branches	of	these	coupling	cycles	of	ClO	and	BrO	processes	and	Equations	1.18	and	1.19	indicate	the	two	that	produce	Cl	and	Br	atoms	directly.	BrCl	is	formed	by	the	third	branch	of	the	cycle	(Equation	1.20)	and	this	can	be	further	broken	down	by	photolysis	to	atomic	Br	and	Cl.	Equations	1.20	and	1.21	show	the	mechanism	by	which	these	atoms	from	the	ClO-BrO	cycle	may	go	on	to	react	with	O3.			 ClO+ BrO ⟶ Cl+ Br+ O!	 	 	 	 	 Equation	1.18	ClO+ BrO ⟶ OClO+ Br	 	 	 	 	 Equation	1.19	ClO+ BrO ⟶ BrCl+  O! 	 	 	 	 	 Equation	1.20			 Cl+  O!  ⟶ ClO+ O! 	 	 	 	 	 Equation	1.21	Br+  O!  ⟶ BrO+  O! 	 	 	 	 	 Equation	1.22		 	 	 	 	 		



























































yearsb	CFC-11	 CCl3F	 Aerosol	Propellant,	Refrigerante	 52	 4660	CFC-12	 CCl2F2	 Refrigerant,	Aerosol	Propellante	 102	 10200	
































































































































yearsb	PFC-14	 CF4	 Dry	etching,	CVD	chamber	cleaningc,	aluminium	productiond	 >50,000	 6630	
PFC-116	 C2F6	 Dry	etching,	CVD	chamber	cleaningc,	aluminium	productiond	 >10,000	 11100	
PFC-218	 C3F8	 Refrigerants,	Fire	Suppressant,	Semiconductor	manufacturinge,	aluminium	productiond	 ~7000	 8900	PFC-c318	 c-C4F8	 Refrigerante,	Semiconductor	manufacturingd	 3200	 9540	
PFC-31-10	 C4F10	 Refrigerants,	Fire	Suppressant,	Semiconductor	manufacturingf	 2600	 9200	



















yearsb	Sulphur	Hexafluoride	 SF6	 High	voltage	dielectrice,	Tracerg	 3200	 23500	Trifluoromethyl-sulphurpentafluoride	 SF5CF3	 Side	producte	 650-950	 17400	
















results	of	a	sampling	campaign	based	in	Bachok,	Malaysia	(see	Figure	1.12)	that	measured	the	abundance	of	ozone	depleting	species	during	and	after	a	cold	surge.	Measurements	are	then	used	to	suggest	the	increase	in	equivalent	chlorine	transported	to	the	upper	troposphere	during	these	conditions	of	increased	convection.		Overall,	this	study	seeks	to	further	highlight	this	region	as	playing	a	key	role	in	the	global	production	and	transport	of	atmospheric	halocarbons	and	their	potential	to	damage	the	environment,	through	both	depletion	of	ozone	and	the	increase	of	greenhouse	gases.	From	this	work	it	is	hoped	that	key	compounds	and	prospective	patterns	may	be	identified	that	could	lead,	through	further	monitoring	and	investigation,	to	effective	control	measures	and,	ultimately,	replacement	chemical	species	utilised	in	industry.		Muthayya et al. Global rice production, consumption, and trade
Figure 1. Global map of production of milled rice for 2011.12
parboiling in which raw rice is soaked in water and
partially steamed before drying and milling, result-
ing in some of the B vitaminsmigrating further into
the grain.17 Another promising method is fortifica-
tion, a method involving the addition of required
levels of vitamins andminerals, in their bioavailable
forms, to enhance the content of these nutrients in
the rice kernels and their absorption in the human
body. New technologies to fortify rice using an im-
proved coatingmethod and cold- and hot-extrusion
techniques have recently been shown to have the po-
tential to address VMD.18,19 A detailed description
of the technologies available, the bioavailability of
nutrients added to the fortified rice kernels, and an
estimation of fortification levels can be found in
papers in Ann. N.Y. Acad. Sci. Vol. 1324 (2014).20,21
In much of the world, rice is milled by farmers in
thousands of small and medium-sized mills located
near their farms and then stored for their own con-
sumption. There are an estimated 200 million rice
farms in Asia, most of which are smaller than 1 ha.1
The local mills use old machinery and technologies
with a milling capacity ranging between 5 and 60
tons of paddy rice per day. The mills produce a high
proportion of broken kernels; they have a white rice
recovery of 53–55% and a head rice (whole kernels)
recovery of only about 30%. The rice industry is,
however, consolidating inmany countries to include
moremediumand largemills that have a higher pro-
cessing capacity of between 60 and220 tons of paddy
rice per day. Such mills can produce up to 50–60%
head rice, 5–10% large broken kernels, and 10–15%
small broken kernels.14
The rice supply chain
A typical rice supply chain in a given country is
an intricate network of public and private enti-
ties that links the rice producers, such as farmers,
rice millers, rice collectors and traders, wholesale
traders, retailers, and food processors, to the fi-
nal consumers (Fig. 3). Other stakeholders include
transporters; companies that supply seeds, agro-
chemicals, and agricultural equipment; irrigation
companies; inspection agencies; government de-
partments of commerce, tax, and agriculture; and
other state agencies that control the prices of
paddy according to their individual governmental
policies.22
Small land-holding farmers in villages produce
enough rice amounting to a year’s stock for their
own use. In most cases, the village miller will mill
the farmer’s small amount of paddy rice free of cost
in exchange for rice bran. Given the small work-
ing capital and capacity of the mill, this is a rela-
tively small business. Other farmers with medium-
sized farms sell their produce directly to the local
mills. If access to mills is limited, owing to poor
road conditions or high transportation costs, farm-
ers are forced to sell their produce to paddy col-
lectors or traders at the offered price. The paddy
collectors then sell it for a profit either to the millers
or to the export market. In many countries, fair-
trade programs have stepped in to connect the
farmers with consumers willing to pay a premium
to cover the costs of both production and invest-
ment. These programs have successfully intervened
to improve the lives of small-scale farmers.22 Large
9Ann. N.Y. Acad. Sci. 1324 (2014) 7–14 C⃝ 2014 New York Academy of Sciences.
Figure	1.10:	Global	map	of	rice	production	for	2011.	(Muthayya	et	al.	2014)	
Global rice production, consumption, and trade Muthayya et al.
Figure 4. Global map of consumption, import, and export of milled rice for 2009–2010.12
The export of rice is now concentrated in 12
countries, namely, Thailand, Vietnam, Pakistan,
the United States, India, Italy, Uruguay, China, the
United Arab Emirates, Benin, Argentina, and Brazil,
which account for more than 90% of the global rice
traded (Fig. 4).12 State trading enterprises control
the import and export of rice in China, Indonesia,
India, Japan, South Korea, Vietnam, and Australia.
Both China and India conti ue to view rice as a
strategic commodity for food security. China now
allows producers to sell rice in the open market and
has a greater emphasis on quality over quantity, and
the rice producers are quickly adopting improved-
quality varieties.21 Countries such as Japan and the
Republic of Korea lifted the import ban on rice
they had in place for decades following negotia-
tions under the URAA in the 1990s. Japan now
has a quota on rice imports with a prohibitively
high tariff on imports outside the quota. How-
ever, most of the imported rice is not released
directly into the market. Its domestic rice indus-
try (mainly short/medium grained japonica va-
riety) is supported by its consumers, with pro-
ducer prices still 10 or more times higher than
prices in other japonica or short/medium grain,
rice-growing countries.24,25 Similarly, the Republic
of Korea agreed to a minimum market-access im-
port commitment. The decline in rice consumption
combined with import of rice has resulted in excess
stocks. The short/medium-grain rice markets are
far more distorted than long-grain rice markets be-
cause of tariff rate quotas. In contrast, rice exports
in Thailand are managed by a competitive group
of companies, making it an exception among the
major rice exporting countries.24
Many countries, including the Philippines, Saudi
Arabia, the United Arab Emirates, Malaysia, Iran,
Iraq, Cote d’Ivore, South Africa, Cameroon, Mex-
ico, the United States, and Brazil import signifi-
cant quantities of rice (Fig. 4).12 Countries in Latin
America and the Caribbean import four MMT of
rice annually. There are other countries that im-
port rice to meet national food security needs, and
these tend to be among the world’s least developed
countries.16 The gap between demand and supply in
sub-Saharan Africa, where rice is grown and eaten
in 38 countries, reached 10 MMT of milled rice in
2008, costing the region an estimated $3.6 billion for
imports.Most of the rice consumed in the Pacific Is-
land countries is also imported, with the trade being
managed by a handful of importing companies.
Rice prices
Since the early 1960s, international rice prices
have followed a falling tendency, mainly reflect-
ing yield gains, bumper crops, changes in poli-
cies in major producing countries, and exchange
rate movements.23 Presently, there are numerous








































2.1.1	 	 GC	Columns		Of	the	two	main	types	of	GC	columns,	packed	columns	and	capillary	columns,	the	analysis	of	atmospheric	trace	gases	predominantly	uses	those	of	the	capillary	variety	as	they	have	greater	efficiency	due	to	their	lack	of	eddy	diffusion.	This	is	where,	in	packed	columns,	there	is	variation	in	path	lengths	between	molecules	as	they	pass	through	the	liquid	stationary	phase	which	coats	an	inert	support	material	within	the	column,	thus	causing	the	solute	band	to	broaden.	As	capillary	columns	consist	of	a	long	narrow	tube,	usually	made	of	fused	silica	with	an	internal	coating	instead	of	packing,	eddy	diffusion	is	not	a	factor.	Other	advantages	over	packed	columns	include	higher	resolution	with	shorter	run	times,	however	injected	sample	volume	is	limited	due	to	distortion	through	overloading	caused	by	the	narrower	internal	diameters	(ID)	of	capillary	columns.			 	
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Capillary	columns	are	usually	between	20	and	100m	long	and	internal	diameters	range	from	100-560μm.	These	columns	may	be	wall	coated	open	tubular	(WCOT),	where	the	internal	coating	is	a	liquid	film,	or	porous	layer	open	tubular	(PLOT)	where	there	is	a	solid	(e.g.	alumina)	or	molecular	sieve	layer	on	the	inner	walls.			For	the	trace	gas	analysis	carried	out	for	this	research,	two	types	of	PLOT	column	were	utilised.	The	Agilent	GS-GasPro	(length	30-50m,	ID	0.32mm,	Agilent	Technology,	2016)	is	the	standard	column	installed	due	to	its	wide	working-temperature	range	(-80	to	260/300°C,	Agilent	Technology,	2016b)	and	extensive	halocarbon	separation	(see	Figure	2.1).	The	Agilent	CP-Al2O3/KCl	column	(length	50m,	ID	0.32mm)	was	also	used	for	a	period	and	this	has	aluminium	oxide	(Al2O3)	deactivated	by	potassium	chloride	as	a	stationary	phase.	Its	installation	enabled	isomeric	separation	of	a	number	of	halocarbon	species	that	is	not	possible	with	the	GasPro	column	as	it	utilises	their	polarities	rather	than	boiling	points.		
C1 and C2 Halocarbons (Freons®)
Column: GS-GasPro
60 m x 0.32 mm I.D.
J&W P/N: 113-4362
Carrier: Helium at  35 cm/sec
constant  velocity
Oven: 40°C for 2 minutes,
40-120 at  10°/min,
120° for 3 min,
120-200 at  10°/min
Injector: 250°C, Split less,
0.20 min purge act ivat ion t ime,
1.0 µL of  100 ppm mixture
of  Accustandard M-REF &
M-REF-X in methanol
Detector: Shimadzu QP5050A MSD,
280°C, full scan 45-180 amu
Peak # Condit ion Freon #
  1. Chlorot rif luoromethane 13 (peak not  shown)
  2. Trif luoromethane 23
  3. Bromotrif luoromethane 13B1
  4. Chloropentaf luoroethane 115
  5. Pentaf luoroethane 125
  6. 1,1,1-Trif luoroethane 143a
  7. Dichlorodif luoromethane 12
  8. Chlorodif luoromethane 22
  9. 1,1,1,2-Tet raf luoroethane 134a
10. Chloromethane 40
11. 1,1,2,2-Tet raf luoroethane 134
12. Bromochlorodif luoromethane 12B1
13. 1,1-Dif luoroethane 152a
14. 1,2-Dichloro-1,1,2,2-tet raf luoroethane 114
15. 2-Chloro-1,1,1,2-tet raf luoroethane 124
16. 1-Chloro-1,1-dif luoroethane 142b
17. Dichlorof luoromethane 21
18. Trichlorof luoromethane 11
19. Chloroethane 160
20. Dichloromethane
21. 1,1-Dichloro-1-f luoroethane 141b
22. 2,2-Dichloro-1,1,1-t rif luoroethane 123
23. 1,1,2-Trichloro-1,2,2-t rif luoroethane 113
24. 1,2-Dibromo-1,1,2,2-tet raf luoroethane 114B2
C664










































	After	travelling	through	the	GC	capillary	column,	compounds	are	transported	to	the	ionisation	source	of	the	mass	spectrometer.	Here,	a	heated	metal	filament	(usually	tungsten)	thermoelectrically	emits	a	beam	of	high-energy	electrons	that	are	accelerated	by	a	potential	difference,	generally	of	70	electron	volts	(eV).		These	electrons	then	enter	the	source	through	a	slit	and	then	bombard	molecules	of	the	sample	gas.	Collisions	between	accelerated	electrons	and	neutral	molecules	(M)	may	result	in	an	electron	being	ejected	from	the	molecule	causing	the	formation	of	a	positively	charged	radical	ion	(see	Equation	2.1).	This	M+.	ion	is	commonly	referred	to	as	the	molecular	ion	and	~10eV	is	required	to	remove	one	electron	from	most	organic	molecules.		 𝑀 +  e!  ⟶  𝑀!∙ + 2e! 	 	 	 	 	 Equation	2.1	
	Impacting	ions	with	larger	energies	may	result	in	enough	excess	energy	for	the	molecular	ion	to	fragment	into	a	lower	mass	ion.	Equations	2.2-2.4	show	examples	of	the	potential	fragmentations	from	the	molecular	ion	of	methyl	chloride,	CH3Cl.	The	energy	of	the	impacting	electron	directly	affects	the	number	of	ions	produced	and	the	fragmentation	pattern	so,	providing	this	energy	is	known,	similar	compound	fragmentation	should	be	found	between	instruments	utilising	electron	ionisation.	
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2.2 Mass spectrometry
2.2.1 Quadrupole mass analyser
Commercial development of the quadrupole mass analyser (also known as the quadrupole mass
filter, QMF) began in the 1960s. QMFs have become popular in GC applications, and arguably
are the current standard mass spectrometric technique in atmospheric science. QMFs offer the
advantages of low cost, simple operation, durability, ease of maintenance and transportability.
A QMF analys r consists of four parallel rods, deally with a hyperbolic cross-secti n. Direct
current (DC) and radio frequency (RF) electrical potentials are applied to the rods to induce
a fluctuating field within the central space. Ions extracted from an ion source are accelerated into
the central space along the longitudinal axis of the quadrupole. The magnitude and frequency
of the electric fields can be varied to selectively allow passage of ions of a specific m/z value to
pass through the central space and reach the detector; all other ions collide with the quadrupole
surfaces. This s illust ated n Figure 2.2.
Figure 2.2: Schematic of a quadrupole mass filter, showing ion trajectories. Only ions of one m/z value
have a stable enough trajectory to reach the detector. Courtesy of Watson & Sparkman (2007).
QMFs are commonly operated in one of two modes: scan mode and single ion monitoring
(SIM) mode. Scan mode is often used for preliminary identification of compounds or for com-
pounds at high concentration. The QMF scans across a range of m/z values in each window of
time. Sensitivity in QMF is proportional to the tim spent acquiring ion counts on each ion. As the
time taken for each scan is dependent on t nu ber of ions required for analysis, scan mode has
a large trade-off between sensitivity and rate of acquisition (i.e. the number of spectra captured
per second).
The alternative mode of operation, SIM mode, is frequently used when the number of
components requiring analysis is small or when components are at low concentrations. In
SIM small number of ions are filtered by the QMF in any wind w f time. In order to maintain
a useful rate of acquisition over the course of a singl analysis, this is commonly on the order of
<10 ions depending on the number of GC peaks requiring analysis within that time window. As
the number of ions is small, sensitivity is greatly increased compared to scan mode. However,
the main trade-off with SIM is that increased sensitivity comes at the cost of a smaller number of
analysable compounds. Additionally, in most cases SIM requires a larger amount of pre-analysis
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(-78 °C) or hot 
water (~95 °C) 
Sample 
Standard gas 








Figure 2.2. Schematic diagram of the manual inlet setup for the GC-MS system. A cross contained within a circle 















1	 4.7-5.8	 CFC-13	 86.9627	 	 	C2F6	 118.9920	 	 	SF6	 126.9641	 	 	
2	 5.8-8.5	 HFC-23	 51.0046	 	 	HFC-32	 51.0046	 52.0125	 	COS	 61.9623	 	 	
3	 8.5-9.45	 C3F8	 168.9888	 	 	
4	 9.45-11.8	 CFC-115	 86.9627	 	 	SF5CF3	 88.9673	 	 	C2F3Cl	 115.9641	 	 	
5	 11.8-12.5	 CH3Cl	 49.9923	 50.9957	 51.9894	
6	 12.5-12.95	 C2H3Cl	 61.9923	 63.9894	 	
7	 12.95-13.8	 Halon	1211	 128.9151	 130.9131	 	
8	 13.8-14.35	 CH3Br	 93.9418	 95.9398	 	
9	 14.35-14.6	 CH2CCl2	 95.9534	 97.9504	 	
10	 14.6-15.18	 n-C5F12	 168.9888	 	 	
11	 15.18-15.9	 Halon	1202	 128.9131	 130.9131	 	
12	 15.9-16.4	 C2H5Cl	 64.0080	 66.0050	 102.9332	
13	 16.4-17.05	 CH2Cl2	 82.9455	 	 	t-CHClCHCl	 95.9534	 97.9504	 	
14	 17.05-17.42	 n-C6F14	 168.9888	 218.9856	 	
15	 17.42-18.4	 C2H5Br	 107.9575	 109.9554	 	CFC-113	 116.9066	 	 	CFC-113a	 116.9066	 	 	
16	 18.4-18.95	 C3H7Cl	 78.0236	 80.0207	 	
17	 18.95-19.62	 n-C7F16	 168.9888	 218.9856	 	Halothane	 195.8902	 	 	
18	 19.62-20.3	 Isoflurane	 114.9762	 149.0026	 	HCFC-225cb	 166.9687	 	 	
19	 20.3-20.8	 C3H7Br	 121.9731	 123.9711	 	








(ppt)	 (%)	 SD	 (ppt)	 (%)	 SD	 (ppt)	 (%)	 SD	
CH3Cl	 1.49	 0.26	 0.10	 	 	 	 3.67	 0.62	 1.18	CH3Br	 0.01	 0.13	 0.00	 0.22	 2.71	 0.37	 0.02	 0.24	 0.01	
DCM	 0.32	 1.02	 0.30	 0.11	 0.33	 0.04	 0.55	 1.70	 0.33	
DCE	 0.08	 1.48	 0.01	 0.04	 0.68	 0.02	 0.20	 3.44	 0.17	
C2H5Cl	 0.41	 5.15	 0.01	 0.20	 2.56	 0.09	 0.49	 6.18	 0.46	
HFC-23	 0.06	 0.05	 0.04	 0.08	 0.07	 0.01	 0.44	 0.38	 0.43	
C3F8	 0.01	 2.20	 0.01	 0.02	 3.70	 0.02	 0.01	 1.59	 0.01	
COS	 0.64	 0.10	 0.13	 0.40	 0.06	 0.21	 1.93	 0.29	 1.88			
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Chapter 1 – General Introduction 
1.1 Methyl halides and ozone degradation 
Methyl halides (also known as halomethanes) are a group of volatile organic 
compounds derived from methane which contain one halogen atom (Fig. 1.1). Methyl 
chloride (CH3Cl), methyl bromide (CH3Br) and methyl iodide (CH3I) occur naturally in 
the atmosphere and contribute together with other, mainly human-made halogen source 
gases such as chlorofluorocarbons (CFCs) to ozone (O3) degradation (Davis et al., 
1996; Montzka et al., 2011). 
CH3I has only a small ozone depletion potential since it has a short atmospheric 
lifetime and thus hardly reaches the stratosphere, where ozone is most abundant (Fig. 
1.1) (Youn et al., 2010). In contrast, CH3Cl and CH3Br are long-lived halogenated 
compounds which contributed to 17% of the chlorine and 34% of the bromine found in 
the strato pher  in 2008 and therefore h ve a large impact on ozone degradation in the 
atmosphere. CH3Br is a particular powerful ozone-depleting substance (ODS) as 
bromine atoms are more destructive to stratospheric ozone than chlorine atoms (Fig. 
1.1) (Fahey and Hegglin, 2011). 
 
 
                           
 
 
Methyl chloride Methyl bromide Methyl iodide 
Global emissions 
(kilotonnes/year) 3600-4600
a 110-150a 260-610b,c 
Atmospheric lifetime 
(days) 365
a 292a 7-14a,b 
Ozone depletion 
potential 0.02
a 0.66a 0.017b 
 
Figure 1.1. Chemical structure, global emissions and properties of methyl halides with 
regard to ozone depletion. Global emissions include both human-made and natural sources. 
The ozone depletion potential (ODP) represents the relative effectiveness of halogen source 
gases to destroy stratospheric ozone. The ODP is calculated relative to CFC-11, whose ODP 
value is defined to be 1. ODP values are calculated for emissions of an equal mass of each 








Industrial	 162	 11.4	 n.q	
Biomass	Burning	 468	 23	 0.017	
Oceans	 700	 32	 0.224	
Tropical/subtropical	
forests	 2040	 n.q.	 n.q	
Rice	Paddies	 3.7	 0.7	 0.016	
Other	natural	sources	 284	 17.9	 0.008	


















Interestingly, the majority of methyl halide transferases are also able to methylate 
sulphur-containing ions such as thiocyanate (SCN-) and bisulfide (HS-) (Fig. 1.6 B, 
Table 1.2). This was first observed by a survey of in vivo methyl iodide production from 
leaf discs of diverse plant species which showed that methanethiol (CH3SH) was 
produced when leaf discs from 20 different plant species were incubated with HS- ions 
instead of I- ions (Saini et al., 1995). Subsequently, it was confirmed by in vitro enzyme 
kinetic studies that the same enzyme in cabbage (Brassica oleracea) can mediate the 
SAM-dependent methylation of both halides and HS- (Attieh et al., 1995), and further 
sulphur-containing methyl acceptors such as thiocyanate (SCN-) were later identified for 
this enzyme (Attieh et al., 2000a).  
 The first gene encoding a methyl chloride transferase was cloned in the salt-
tolerant plant Batis maritima, and it was shown that this enzyme shares three conserved 
motifs with other SAM-dependent MTs (Ni and Hager, 1998). Since then, other 
halide/thiol MTs (HTMTs) have been cloned in B. oleracea (Attieh et al., 2002), 
Arabidopsis thaliana (Rhew et al., 2003; Nagatoshi and Nakamura, 2009), radish 
(Raphanus sativus) (Itoh et al., 2009), rice (Oryza sativa) (Takekawa and Nakamura, 
2012) and the diatom Phaeodactylum tricornutum (Toda and Itoh, 2011). Moreover, the 








Figure 1.6. Production of methyl halides and sulphur volatiles by S-Adenosyl-L-
methionine (SAM)-dependent methyltransferases (MTs). A unique class of SAM-
dependent MTs in plants are able to methylate halide ions (A) and in some cases thiol 
compounds (B) in a nucleophilic substitution reaction to produce methyl halides and sulphur 
volatiles. SAM is used as the methyl donor and is converted to S-Adenosyl-L-homocysteine 











1.5 Function of methyl halide production and HTMTs 
To date only one function of methyl halide production has been described: It was shown 
by isotopic labelling of methyl halides that in wood-rotting fungi (e.g. Phellinus 
pomaceus, Phanerochaete chrysosporium), CH3Cl acts as a methyl donor in the 
biosynthesis of methyl esters and anisoles (Fig. 1.8), or veratryl alcohol, the latter 
known to be an important component of the lignin degradation pathway (Harper et al., 
1989; H rp  et al., 1990). Interestingly, CH3Br and CH3I were also able to act as 
methyl donors in the synthesis of methyl butyrate from butyric acid, although with 
lower efficiency than CH3Cl (Harper et al., 1989). The exact mechanisms of these 





Figure 1.7. The HOL gene controls methyl halide production in A. thaliana. CH3Cl, CH3Br 
and CH3I emissions from WT and hol mutant plants. The numbers represent the average 

































2.10 Methyl halide measurements 
To collec  air sample , plants w re fully enclosed in bags made f om Teflon sheet for 
several hours as indicated in the figure legends. The bags were sealed to plant pots or 
beakers using electrica  tape or ela tic bands (Fig. 2.1). Control pots or Petri dishes 
without plants were also bagged and samples collected to determine background methyl 
halide levels in the air and to account for any emissions caused by abiotic or biotic 
processes in the soil alone. These background methyl halide levels were then subtracted 
from the levels detected from enclosed plants. Each bag was fitted with a Teflon valve 
from which the sample was extracted. Samples were taken into evacuated 1-litre or 2- 
litre SilcoCans via a piece of Teflon tubing. Upon opening the negative pressure of the 
canister drew in approxim tely 1 or 2 litre of air, respectively, from the plant’s 
headspace. If possible, a pump was used to facilitate the extraction and to pressurise the 
canisters. 200 ml of air samples were analysed for m thyl halides at UEA on a fully-





Figure 2.1. Collection of air samples for methyl halide analysis. Moss (A) and Arabidopsis 
(B) were grown on agar in Petri dishes. Rice (D) and Brassica rapa (E) were grown in 
compost. All plants were enclosed in Teflon bags for several hours. Samples were taken from 








1	 5.5-7.4	 SF6	 126.9641	 	 	C2F4	 99.9936	 	 	
2	 7.4-9.9	 COS	 59.9670	 60.9664	 61.9623	HFC-32	 51.0046	 	 	
3	 9.9-11.3	 SO2F2	 82.9603	 	 	CFC-115	 84.9657	 86.9627	 	
4	 11.3-12.4	 CFC-12	 100.9361	 101.9395	 102.9332	
5	 12.4-13.4	 CH3Cl	 49.9923	 50.9957	 51.9894	
6	 13.4-14.6	 CS2	 75.9441	 77.9399	 	
7	 14.6-15.5	 CH3Br	 93.9418	 94.9452	 95.9398	
8	 15.5-16.4	 CFC-11	 100.9361	 101.9395	 102.9332	
9	 16.4-17.7	 CH3I	 126.9045	 	 	
10	 17.7-19.1	 CFC-113	 100.9361	 101.9395	 102.9332	











A.	thaliana	Wild	Type	and	hol-mutant	lines	 COL	 16.521	 0.338	 12.597	hol-1	 0.874	 0.009	 0.421	hol-1*	 1.424	 0.004	 1.075	
A.	thaliana	based	Transgenic	Lines	 OsHOL*	 0.824	 0.005	 0.381	PpHOL	 2.533	 0.015	 1.394	PtHOL	 1.901	 0.007	 2.130	
P.	patens	Wild	Type	and	PpHOL	Knockout	Lines	 WT	 0.273	 0.025	 0.008	PpHOL4	 0.496	 0.009	 0.007	PpHOL9	 0.096	 0.010	 0.001	Effect	of	Temperature:		
P.	patens	Wild	Type	and	PpHOL	
WT	22°C	 0.076	 0.033	 0.006	WT	27°C	 0.203	 0.053	 0.015	PpHOL4	22°C	 0.044	 0.002	 0.001	PpHOL4	27°C	 0.231	 0.008	 0.005	Effect	of	Temperature:		
A.	thaliana	Wild	Type	and	hol-mutant	
WT	22°C	 16.244	 0.484	 47.291	WT	27°C	 20.076	 0.552	 54.401	
hol	22°C	 1.822	 0.017	 1.012	









hol-1	 94.7	 97.2	 96.7	
















































































































































































































Within the eudicot clade we also found support for several duplication events as three 
HOL/HLL genes were found in A. thaliana and C. papaya, and 4 HOL genes in V. 
vinifera. However, since the evolutionary relationships are poorly resolved in some 
branches, especially in group B, it is hard to estimate when these duplication events 
have happened. Overall, it is likely that many species in the eudicot clade must have lost 
one or more copies of HTMT genes. Four HOL genes of V. vinifera were found at the 
NCBI database and included in the phylogenetic analysis, since it was shown that all 
four proteins possess halide MT activity when expressed and assayed in E. coli (Bayer 
et al., 2009). However, according to the current version of the V. vinifera genome 
(Phytozome v8.0, http://www.phytozome.net), the existence of only two HOL genes 
(VvHOL1 and VvHOL2) is supported. Since some parts of the protein sequence of 
VvHOL3 and VvHOL4 are identical to VvHOL2 and VvHOL1, respectively (data not 
shown), it is possible that they are splicing variants of the latter. 
As described in Chapter 6, it is believed that the genomes of the Brassiceae 
tribe, which includes B. rapa, B. oleracea and R. sativus (Bailey et al., 2006), have 
undergone a triplication event after the split from A. thaliana (Lysak et al., 2005), and 
therefore up to three copies are expected to be found in those species for each single-
 
 
Figure 7.7. Whole-genome duplication (WGD) events in seed plants and flowering 
plants. In addition to two ancestral WGD events (blue and red box), several duplication 
events (ovals) and one triplication event (diamond) are believed to have occurred in 











WT	 0.127	 0.020	 0.009	















































































CH3Cl	 CH3Br	 CH3I	WT	 3.832	 0.068	 7.110	




























































































WT	 16.521	 144.722	 0.338	 2.958	
hol-1	 0.874	 7.652	 0.009	 0.083	
































CH3Cl	 88	 3.26	 0.17	
























































































2001	 East	Asia	 	 30.1	 Palmer	et	al.	2003	China	 	 22.3	Japan	 	 2.3	Korea	 	 2.9	2001-2002	 Hong	Kong	 294	±	7	 0.03	±	0.005	 Guo	et	al.	2009	S.	China	 298	±	11	 0.031	±	0.010	2004	 S.	China	 300	 0.4	±	0.2	 Shao	et	al.	2011	2006	 China	 248	±	4	 	 Barletta	et	al.	2009	Asia	 250	±	3	 	2006-2008	 China	 	 33	 Vollmer	et	al	2009	2007-2008	 China	 	 12	(9.4-17)	 Kim	et	al.	2010	2007-2008	 China	 	 11	(9-15)	 Li	et	al.	2011	Taiwan	 	 0.3	(0.2-0.4)	Korea	 	 0.9	(0.8-1.1)	Japan	 	 1.1	(0.7-1.4)	2009	 China	 	 15.8	±	7.2	 Xingqin	et	al.	2012	2009-2010	 China	 	 10	(8.4-11.7)	 Fang	et	al.	2012b	2010	 China	 268	±	41	 	 Fang	et	al.	2012a	2010-2011	 China	 257	±	27	 7.1	±	5	 Wang	et	al.	2014	
CFC-12	












2001-2002	 Hong	Kong	 96	±	6	 0.03	±	0.007	 Guo	et	al.	2009	S.	China	 98	±	7	 0.9	±	0.3	 	2004	 S.	China	 97	 	 Shao	et	al.	2011	2006	 China	 77.4	±	0.9	 	 Barletta	et	al.	2009	Asia	 77.1	±	1.3	 	2006-2008	 China	 	 0.8	(0.4-1.7)	 Vollmer	et	al.	2009	2007-2008	 China	 	 3.2	(2.5-3.8)	 Li	et	al.	2011	2009-2010	 China	 	 0.2	(-0.3-0.6)	 Fang	et	al.	2012b	2010	 China	 78	±	6	 	 Fang	et	al.	2012a	2010-2011	 China	 82	±	5	 	 Wang	et	al.	2014	
CFC-114	























































Compound	 Year	 Region	 Mixing	Ratio	(ppt)	 Emissions	estimate	(Gg/a)	 Study	
H1211	 2006	





Compound	 Year	 Region	 Mixing	Ratio	(ppt)	 Emissions	estimate		(Gg	yr-1)	 Study	
HCFC-22	
2001-2002	 Hong	Kong	 322	±	41	 0.06	±	0.03	 Guo	et	al.	2009	S.	China	 304	±	59	 2.2	±	1.2	 	2004	 S.	China	 464	 3.5	±	2.2	 Shao	et	al.	2011	2004-2005	 China	 	 52	±	34	 Yokouchi	et	al.	2006	2006	 China	 181	±	11	 	 Barletta	et	al.	2009	Asia	 180	±	4	 	2006-2008	 China	 	 165	 Vollmer	et	al.	2009	2007-2008	 China	 	 83	(64-109)	 Kim	et	al.	2010	2007-2008	 China	 	 83	(64-109)	 Li	et	al.	2011	Taiwan	 	 2.1	(1.6-2.7)	Korea	 	 8.4	(8-8.8)	Japan	 	 11	(10-13)	
2008	 China	 	 65.3	 Stohl	et	al.	2010	Taiwan	 	 2.5	S.	Korea	 	 2.1	N.	Korea	 	 7.2	Japan	 	 6	1997	 East	Asia	 	 46	±	4	 Fortems-Cheiney	et	al.	2013	2002	 	 84	±	6	2007	 	 176	±	5	2009	 China	 	 98.3	±	47.4	 Xingqin	et	al.	2012	2009-2010	 China	 	 87.6	(77.2-98)	 Fang	et	al.	2012b	2010	 China	 508	±	208	 	 Fang	et	al.	2012a	2010-2011	 China	 743	±	603	 103.4	±	64	 Wang	et	al.	2014	
HCFC-141b	
2001-2002	 Hong	Kong	 56	±	13	 0.05	±	0.008	 Guo	et	al.	2009	S.	China	 43	±	13	 0.9	±	0.3	2006	 China	 19.9	±	2.3	 	 Barletta	et	al.	2009	Asia	 19.9	±	0.7	 	2007-2008	 China	 	 15	(12-21)	 Kim	et	al.	2010	2007-2008	 China	 	 15	(11-21)	 Li	et	al.	2011	Taiwan	 	 0.5	(0.2-0.8)	Korea	 	 2.2	(2.0-2.3)	Japan	 	 1.6	(1.2-2.0)	
2008	 China	 	 12.1	 Stohl	et	al.	2010	Taiwan	 	 0.5	S.	Korea	 	 0.6	N.	Korea	 	 1.8	Japan	 	 1.1	2009-2010	 China	 	 8.6	(7-10.2)	 Fang	et	al.	2012b	2010	 China	 57	±	65	 	 Fang	et	al.	2012a	
	 98	
Table	4.1c	continued:	Overview	of	the	reported	mixing	ratios	and	emissions	estimates	of	hydrochlorofluorocarbons	from	previous	studies	in	the	East	Asian	region.		
Compound	 Year	 Region	 Mixing	Ratio	(ppt)	 Emissions	estimate		(Gg	yr-1)	 Study	
HCFC-142b	
2001-2002	 Hong	Kong	 32	±	16	 	 Guo	et	al.	2009	S.	China	 18	±	2	 	2006	 China	 17.0	±	1.3	 	 Barletta	et	al.	2009	Asia	 16.4	±	0.6	 	2006-2008	 China	 	 12	(10-18)	 Vollmer	et	al.	2009	2007-2008	 China	 	 10	(7.6-13)	 Kim	et	al.	2010	
2007-2008	 China	 	 9	(6.9-13)	 Li	et	al.	2011	Taiwan	 	 0.12	(0.07-0.18)	Korea	 	 0.8	(0.7-0.9)	Japan	 	 0.9	(0.7-1.1)	






















































Compound	 Year	 Region	 Mixing	Ratio	
(ppt)	 Emissions	estimate		(Gg	yr-1)	 Study	
CCl4	
2001	 East	Asia	 	 21.5	 Palmer	et	al.	2003	China	 	 17.6	Japan	 	 1.3	Korea	 	 2.3	2001-2002	 Hong	Kong	 121	±	4	 0.02	±	0.004	 Guo	et	al.	2009	S.	China	 122	±	7	 0.7	±	0.2	2004	 S.	China	 194	 1.1	±	0.7	 Shao	et	al.	2011	2006	 China	 95	±	2	 	 Barletta	et	al.	2009	Asia	 94	±	2	 	2006-2008	 China	 	 15	(10-22)	 Vollmer	et	al.	2009	2010-2011	 China	 102	±	22	 4.4	±	3.4	 Wang	et	al.	2014	CHCl2CHCl2	 2004	 S.	China	 34	 0.6	±	0.4	 Shao	et	al.	2011	
CH3CCl3	
2001	 China	 	 10.4	 Palmer	et	al.	2003	Japan	 	 1	Korea	 	 1.8	2004	 S.	China	 62	 0.4	±	0.2	 Shao	et	al.	2011	2006-2008	 China	 	 3.3	(3.1-4)	 Vollmer	et	al.	2009	





Compound	 Year	 Region	 Mixing	Ratio	(ppt)	 Emissions	estimate		(Gg	yr-1)	 Study	
CHCl3	
2001-2002	 Hong	Kong	 43	±	7	 0.03	±	0.004	 Guo	et	al.	2009	S.	China	 104	±	62	 2.4	±	1.8	2004	 S.	China	 96	 0.8	Gg	±	0.6	 Shao	et	al.	2011	2006	 China	 14.9	±	6.0	 	 Barletta	et	al.	2009	Asia	 12.4	±	1.5	 	2006-2008	 China	 	 86	(51-140)	 Vollmer	et	al.	2009	2007-2008	 China	 	 49	(38-66)	 Kim	et	al.	2010	2007-2008	 China	 	 44	(33-60)	 Li	et	al.	2011	Korea	 	 2.1	(1.7-2.5)	Japan	 	 3.4	(2.8-4.2)	2010-2011	 China	 108	±	99	 57.1	±	42.7	 Wang	et	al.	2014	
CH2Cl2	
2001-2002	 Hong	Kong	 948	±	306	 	 Guo	et	al.	2009	S.	China	 1087	±	558	 42.8	±	7.2	2004	 S.	China	 1028	 7.0	±	4.6	 Shao	et	al.	2011	2006	 China	 54.2	±	24.4	 	 Barletta	et	al.	2009	Asia	 48.8	±	7.4	 	2007-2008	 China	 	 176	(133-234)	 Kim	et	al.	2010	2007-2008	 China	 	 169(126-230)	 Li	et	al.	2011	Korea	 	 18	(16-20)	Japan	 	 17	(14-20)	2010-2011	 China	 778	±	731	 235.4	±	169.2	 Wang	et	al.	2014	CHClCHCl	 2006	 China	 39.7	±	34.7	 	 Barletta	et	al.	2009	Asia	 18.4	±	5.4	 	
PCE	 2001-2002	









Compound	 Year	 Region	 Mixing	Ratio	
(ppt)	 Emissions	estimate		(Gg	yr-1)	 Study	
CH3Cl	
2001-2002	 Hong	Kong	 940	±	89	 0.68	±	0126	 Guo	et	al.	2009	S.	China	 899	±	64	 2.8	±	0.5	2004	 S.	China	 1165	 0.6	±	0.4	 Shao	et	al.	2011	2006	 China	 604	±	57	 	 Barletta	et	al.	2009	Asia	 584	±	21	 	2007-2008	 China	 	 265	(200-354)	 Kim	et	al.	2010	2007-2008	 China	 	 239	(176-327)	 Li	et	al.	2011	Korea	 	 5.7	(4.6-6.9)	2010-2011	 China	 941	±	304	 41.8	±	30.1	 Wang	et	al.	2014	
CH3Br	






Compound	 Year	 Region	 Mixing	Ratio	
(ppt)	 Emissions	estimate		(Gg	yr-1)	 Study	
HFC-23	
2004-2005	 China	 	 10	±	4.6	 Yokouchi	et	al.	2006	2007-2008	 China	 	 12	(8.6-15)	 Kim	et	al.	2010	
2007-2008	 China	 	 10	(7.2-13)	 Li	et	al.	2011	Taiwan	 	 0.07	(0.04-0.10)	Korea	 	 0.11	(0.08-0.13)	Japan	 	 0.3	(0.2-0.3)	
2008	
China	 	 6.2	 Stohl	et	al.	2010	Taiwan	 	 0.03	S.	Korea	 	 0.04	N.	Korea	 	 0.19	Japan	 	 0.21	2010-2011	 China	 	 3.6	±	3.2	 Yao	et	al.	2012	
HFC-32	
2007-2008	 China	 	 4.3	(3.2-5.9)	 Kim	et	al.	2010	
2007-2008	 China	 	 4.0	(2.9-5.6)	 Li	et	al.	2011	Taiwan	 	 0.05	(0.03-0.07)	Korea	 	 0.21	(0.18-0.23)	Japan	 	 0.4	(0.3-0.5)	2010-2011	 China	 	 4.3	±	3.6	 Yao	et	al.	2012	
HFC-125	
2007-2008	 China	 	 3.2	(2.4-4.4)	 Kim	et	al.	2010	
2007-2008	 China	 	 3.1	(2.3-4.3)	 Li	et	al.	2011	Taiwan	 	 0.07	(0.04-0.1)	Korea	 	 0.27	(0.24-0.31)	Japan	 	 0.7	(0.7-0.9)	2010-2011	 China	 	 2.7	±	2.3	 Yao	et	al.	2012	
HFC-143a	 2007-2008	 China	 	 0.59	(0.44-0.8)	 Kim	et	al.	2010	2007-2008	 China	 	 0.6	(0.4-0.8)	 Li	et	al.	2011	Taiwan	 	 0.04	(0.02-0.06)	Korea	 	 0.08	(0.07-0.09)	Japan	 	 0.4	(0.3-0.4)	
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Table	4.1g	continued:	Overview	of	the	reported	mixing	ratios	and	emissions	estimates	of	hydrofluorocarbons	from	previous	studies	in	the	East	Asian	region.		
Compound	 Year	 Region	 Mixing	Ratio	
(ppt)	 Emissions	estimate		(Gg	yr-1)	 Study	
HFC-134a	
2004-2005	 China	 	 3.9	±	2.4	 Yokouchi	et	al.	2006	2006	 China	 36.1	±	4.0	 	 Barletta	et	al.	2009	Asia	 36.7	±	1.9	 	2007-2008	 China	 	 8.7	(6.5-12)	 Kim	et	al.	2010	2007-2008	 China	 	 8.3	(6.2-11)	 Li	et	al.	2011	Taiwan	 	 0.5	(0.3-0.8)	Korea	 	 1.7	(1.5-1.8)	Japan	 	 4.7	(4.5-5	
2008	 China	 	 12.9	 Stohl	et	al.	2010	Taiwan	 	 0.8	S.	Korea	 	 0.46	N.	Korea	 	 1.9	Japan	 	 3.1	2010-2011	 N.	China	 	 3.2	±	2.9	 Yao	et	al.	2012	China	 	 6.0	±	5.6	2005	 China	 	 5.0	(3.1-7.0)	 Su	et	al.	2015	2010	 	 16.7	(10.5-22.7)	2009-2010	 China	 	 5.7	(4.7-6.7)	 Fang	et	al.	2012b	2010	 China	 87	±	57	 	 Fang	et	al.	2012a	
HFC-152a	
2004-2005	 China	 	 4.3	±	2.3	 Yokouchi	et	al.	2006	2007-2008	 China	 	 5.7	(4.3-7.6)	 Kim	et	al.	2010	2007-2008	 China	 	 5.4	(4.0-7.4)	 Li	et	al.	2011	Taiwan	 	 0.08	(0.04-0.13)	Korea	 	 0.11	(0.08-0.13)	Japan	 	 1.2	(1.0-1.4)	







Compound	 Year	 Region	 Emissions	estimate		
(Gg	yr-1)	 Study	
CF4	 2007-2008	 China	 2.3	(1.7-3.1)	 Kim	et	al.	2010	2007-2008	 China	 2.1(1.4-2.9)	 Li	et	al.	2011	Korea	 0.22	(0.19-0.26)	Japan	 0.3	(0.2-0.3)	2010-2011	 China	 2.4	±	2.1	 Yao	et	al.	2012	
C2F6	
2007-2008	 China	 0.49	(0.37-0.66)	 Kim	et	al.	2010	2007-2008	 China	 0.5	(0.4-0.7)	 Li	et	al.	2011	Korea	 0.10	(0.09-0.12)	Japan	 0.2	(0.1-0.2)	
2009	 China	 0.499	±	0.038	 Saito	et	al.	2010	Taiwan	 0.059	±	0.004	N.	Korea	 0.013	±	0.002	S.	Korea	 0.092	±	0.006	Japan	 0.196	±	0.018	2010-2011	 China	 0.27	±	0.026	 Yao	et	al.	2012	
C3F8	
2007-2008	 China	 0.09	(0.07-0.12)	 Kim	et	al.	2010	2007-2008	 China	 0.09	(0.06-0.13)	 Li	et	al.	2011	Korea	 0.04	(0.03-0.04)	
2009	 China	 0.157	±	0.030	 Saito	et	al.	2010	Taiwan	 0.024	±	0.012	N.	Korea	 0.07	±	0.002	S.	Korea	 0.031	±	0.008	Japan	 0.091	±	0.019	2010-2011	 China	 0.061	±	0.095	 Yao	et	al.	2012	
c-C4F8	 2009	 China	 0.422	±	0.045	 Saito	et	al.	2010	Taiwan	 0.009	±	0.001	N.	Korea	 0.010	±	0.001	S.	Korea	 0.032	±	0.002	Japan	 0.089	±	0.006			 	
	 108	
Table	4.h	continued:	Overview	of	emissions	estimates	of	perfluorocarbons	and	sulphur	hexafluoride	from	previous	studies	in	the	East	Asian	region		
Compound	 Year	 Region	 Emissions	estimate		
(Gg	yr-1)	 Study	
SF6	




Taiwan	 0.123	±	0.06	N.	Korea	 0.057	±	0.06	S.	Korea	 0.395	±0.104	Japan	 0.387	±	68	East	Asia	 2.404	±	325	
2009	
China	 2.741	±	0.472	Taiwan	 0.184	±	0.09	N.	Korea	 0.065	±	0.069	S.	Korea	 0.546	±	0.143	Japan	 0.215	±	0.038	East	Asia	 3.787	±	0.512	
2012	


















































07/03/13	 11:20	 04:20	 313.83	 WNW	 4.18	 China	 Taiwan	
08/03/13	 11:00*	 04:00*	 3.20	 NNE	 5.16	 China	 Japan	Taiwan	
11/03/13	 11:33	 04:33	 212.94	 SSW	 4.96	 China/Korea	 Taiwan	Pacific	




13/03/13	 10:40	 03:40	 315.67	 NNW	 3.53	 Pacific	Ocean	 Japan	
14/03/13	 11:00	 04:00	 69.77	 ENE	 15.21	 China	 Taiwan	
15/03/13	 09:50	 02:50	 110.31	 ESE	 7.64	 Korea	 China	Taiwan	















21/03/13	 09:20	 02:20	 63.06	 ENE	 15.62	 China/Korea	 South		China	Sea	
22/03/13	 10:45	 03:45	 278.61	 WNW	 3.77	 Pacific	Korea	 China	
25/03/13	 09:50	 02:50	 68.45	 ENE	 13.95	 China	 Korea	
27/03/13	 11:20	 04:20	 305.41	 WNW	 2.69	 Pacific	Korea	
China	
Taiwan	
28/03/13	 10:40	 03:40	 273.88	 WSW	 3.87	 China/Korea	 Taiwan	
01/04/13	 10:40	 03:40	 324.40	 NNW	 3.88	 Japan	 Korea	China	
03/04/13	 10:27	 03:27	 65.09	 ENE	 15.88	 China	 Korea	
04/04/13	 10:15	 03:15	 74.11	 ENE	 7.23	 China	Pacific	 Korea	
















11/03/14	 10:22	 03:22	 N/A	 N/A	 N/A	 China	 	
12/03/14	 14:20	 07:20	 264.12	 WSW	 2.01	 Taiwan	China	 Korea	
13/03/14	 15:50	 08:50	 49.71	 ENE	 3.11	 China	 	
14/03/14	 14:15	 07:15	 97.37	 ESE	 7.30	 China	 	
15/03/14	 14:30	 07:30	 204.45	 SSW	 0.43	 China	 	
16/03/14	 14:22	 07:22	 123.04	 ESE	 1.71	 China	Taiwan	 	
17/03/14	 14:23	 07:23	 262.33	 WSW	 3.04	 China	Taiwan	 	
18/03/14	 14:27	 07:27	 118.54	 ESE	 1.82	 China	Taiwan	 	
19/03/14	 14:40	 07:40	 238.25	 WSW	 1.55	 China	Taiwan	 Pacific	
21/03/14	 14:21	 07:21	 85.51	 ENE	 8.69	 China	 	
22/03/14	 14:20	 07:20	 94.31	 ESE	 8.30	 China/Korea	 	
23/03/14	 14:30	 07:30	 94.58	 ESE	 8.18	 Korea	 	
24/03/14	 14:15	 07:15	 113.43	 ESE	 1.89	 Korea	 Japan	








27/03/14	 14:20	 07:20	 151.40	 SSE	 4.38	 China	Pacific	
Taiwan	
Japan	
28/03/14	 14:15	 07:15	 131.52	 ESE	 1.48	 Taiwan	Pacific	
China	
Japan	





30/03/14	 15:20	 08:20	 96.59	 ESE	 7.70	 China	 Korea	
31/03/14	 14:20	 07:20	 290.93	 WNW	 2.14	 China	 Korea	
01/04/14	 14:25	 07:25	 36.44	 NNE	 1.96	 China/Korea	 Japan	


















12/03/15	 17:35	 10:35	 72.00	 ENE	 6.18	 China	Taiwan	 	
17/03/15	 11:26	 04:26	 137.20	 SSE	 4.56	 Pacific	 Japan	
18/03/15	 10:40	 03:40	 114.00	 ESE	 4.17	 Pacific	 Japan	





20/03/15	 10:42	 03:42	 295.40	 WNW	 3.50	 Pacific	Philippines	 Taiwan	
21/03/15	 08:45	 01:45	 77.75	 ENE	 7.00	 Taiwan	Pacific	 	
22/03/15	 10:20	 03:20	 48.00	 ENE	 8.93	 China/Korea	 Japan	
23/03/15	 10:11	 03:11	 71.92	 ENE	 14.18	 China	 Korea	
24/03/15	 13:03	 06:03	 129.05	 ESE	 15.95	 Korea	 Japan	
25/03/15	 10:20	 03:20	 237.67	 WSW	 10.60	 Korea	 China	
26/03/15	 10:10	 03:10	 79.50	 ENE	 4.12	 Korea	 	





28/03/15	 13:07	 06:07	 62.12	 ENE	 4.35	 China	Japan	
Korea	
Taiwan	










31/03/15	 10:12	 03:12	 143.80	 SSE	 3.62	 Japan	Pacific	 	
22/04/15	 19:45	 12:45	 69.75	 ENE	 11.75	 Korea/Japan	 China	Taiwan	
23/04/15	 10:04	 03:04	 60.33	 ENE	 8.96	 Korea	Taiwan	
China	
Japan	
23/04/15	 17:50	 10:50	 77.50	 ENE	 4.54	 Korea	 China	Japan	
24/04/15	 10:40	 03:40	 288.00	 WNW	 4.00	 Korea	Taiwan	
China	
Japan	
24/04/15	 17:40	 10:40	 157.00	 SSE	 2.23	 Korea	Taiwan	
China	
Japan	
25/04/15	 10:40	 03:40	 187.00	 SSW	 3.53	 Korea/Japan	 	













2013	 2014	 2015	Group	 Name	 Entech	 AutoSpec	 Average	Precision	(%)	 Entech	 AutoSpec	 Average	Precision	(%)	 Entech	 AutoSpec	 Average	Precision	(%)	 1	 2	 3	✓	 ✓	 ✓	 ✓	 ✓	 GasPro	 AlPlot	
CFCs	
11	 NOAA	 ✓	 	 1.66	 ✓	 	 1.6	 ✓	 ✓	 ✓	 1.84	 101	 103	 		12	 NOAA	 ✓	 	 1.66	 ✓	 	 0.63	 ✓	 		 ✓	 1.24	 101	 103	 		13	 UEA	 		 ✓	 1.87	 		 		 -	 		 		 ✓	 1.11	 85	 87	 		112	 NOAA	 		 	 -	 ✓	 		 -	 ✓	 		 	 -	 101	 103	 		113	 NOAA	 ✓	 ✓	 0.83	 ✓	 ✓	 2.25	 ✓	 ✓	 ✓	 -	 101	 103	 117	113a	 UEA	 		 ✓	 1.91	 ✓	 ✓	 4.63	 		 		 ✓	 6.15	 103	 117	 		114	 UEA	 	 	 -	 	 	 -	 		 		 ✓	 1.48	 85	 87	 135	114a	 UEA	 		 		 -	 		 		 -	 		 		 ✓	 1.8	 85	 87	 135	115	 UEA	 ✓	 ✓	 1.82	 ✓	 ✓	 0.98	 ✓	 ✓	 ✓	 2.36	 85	 87	 		









2013	 2014	 2015	Group	 Name	 Entech	 AutoSpec	 Average	Precision	(%)	 Entech	 AutoSpec	 Average	Precision	(%)	 Entech	 AutoSpec	 Average	Precision	(%)	 1	 2	 3	✓	 ✓	 ✓	 ✓	 ✓	 GasPro	 AlPlot	
HCFCs	
21	 No	Scale	 ✓	 	 -	 ✓	 	 -	 ✓	 	 	 -	 67	 102	 	22	 NOAA	 ✓	 	 3.1	 ✓	 ✓	 1.44	 ✓	 ✓	 	 0.75	 67	 	 	31	 No	Scale	 	 	 -	 	 ✓	 -	 	 ✓	 	 -	 68	 70	 	123	 Estimate	 	 	 -	 	 ✓	 -	 	 ✓	 	 -	 133	 	 	124	 No	Scale	 	 	 -	 ✓	 ✓	 -	 ✓	 ✓	 	 -	 67	 	 	133a	 UEA	 ✓	 	 11.7	 ✓	 ✓	 1.34	 ✓	 ✓	 	 2.48	 118	 120	 	141b	 NOAA	 ✓	 	 2.83	 ✓	 	 3.85	 ✓	 ✓	 	 3.46	 81	 101	 103	142b	 NOAA	 ✓	 	 2.99	 ✓	 	 1.07	 ✓	 ✓	 	 1.38	 65	 	 	225cb	 No	Scale	 	 ✓	 -	 	 ✓	 -	 	 	 	 -	 167	 	 	
Chloro-carbons	












2013	 2014	 2015	Group	 Name	 Entech	 AutoSpec	 Average	Precision	(%)	 Entech	 AutoSpec	 Average	Precision	(%)	 Entech	 AutoSpec	 Average	Precision	(%)	 1	 2	 3	✓	 ✓	 ✓	 ✓	 ✓	 GasPro	 AlPlot	
VSLS-Cl	
PCE	 NOAA	 ✓	 		 2.21	 ✓	 		 2.83	 ✓	 		 		 7.36	 129	 166	 		DCE	 UEA	 		 ✓	 2.77	 ✓	 ✓	 3.13	 ✓	 ✓	 		 1.67	 62	 64	 		CH2Cl2	 NOAA	 ✓	 ✓	 2.04	 ✓	 ✓	 2.41	 ✓	 ✓	 		 1.17	 83	 84	 		Chloroform	 No	Scale	 ✓	 		 6.06	 ✓	 		 9.84	 ✓	 ✓	 		 2.73	 83	 117	 119	C2H5Cl	 UEA	 ✓	 ✓	 		 ✓	 ✓	 		 ✓	 ✓	 		 		 64	 66	 		CHClCHCl	 No	Scale	 		 ✓	 -	 		 ✓	 -	 		 ✓	 		 -	 96	 98	 		CH2CCl2	 No	Scale	 		 ✓	 -	 		 ✓	 -	 		 ✓	 		 -	 96	 98	 		
VSLS-Br	















2013	 2014	 2015	Group	 Name	 Entech	 AutoSpec	 Average	Precision	(%)	 Entech	 AutoSpec	 Average	Precision	(%)	 Entech	 AutoSpec	 Average	Precision	(%)	 1	 2	 3	✓	 ✓	 ✓	 ✓	 ✓	 GasPro	 AlPlot	
HFCs	











2013	 2014	 2015	Group	 Name	 Entech	 AutoSpec	 Average	Precision	(%)	 Entech	 AutoSpec	 Average	Precision	(%)	 Entech	 AutoSpec	 Average	Precision	(%)	 1	 2	 3	✓	 ✓	 ✓	 ✓	 ✓	 GasPro	 AlPlot	
PFCs	
C2F4	 NOAA	 ✓	 		 -	 ✓	 		 -	 		 		 		 -	 81	 100	 		C2F6	 UEA	 		 ✓	 1.77	 		 ✓	 2.15	 		 ✓	 ✓	 0.76	 119	 		 		C3F8	 UEA	 		 ✓	 3.11	 	 ✓	 1.71	 ✓	 ✓	 ✓	 1.91	 169	 		 		C4F10	 UEA	 		 		 -	 		 ✓	 3.04	 ✓	 		 ✓	 1.69	 119	 		 		c-C4F8	 UEA	 ✓	 		 2.61	 ✓	 ✓	 0.93	 ✓	 		 ✓	 1.7	 100	 131	 		C5F12	 UEA	 		 ✓	 6.06	 		 ✓	 3.82	 ✓	 		 ✓	 3.25	 169	 		 		c-C5F10	 No	Scale	 		 		 -	 		 		 -	 		 		 ✓	 3.22	 131	 		 		C6F14	 UEA	 		 ✓	 4.12	 		 		 -	 ✓	 		 ✓	 5.31	 169	 219	 		iso-C6F14	 No	Scale	 		 		 -	 		 		 -	 		 		 ✓	 3.67	 169	 219	 		C7F16	 UEA	 		 ✓	 4.38	 		 ✓	 4.75	 ✓	 		 ✓	 3.78	 169	 219	 		SF6	 No	Scale	 		 ✓	 0.7	 		 ✓	 0.49	 		 ✓	 ✓	 1.91	 89	 127	 		












































































Correlations	between	species	are	also	considered,	and	will	be	discussed	where	relevant,	as	high	levels	of	correlation	indicate	combined	emissions	or	source	locations	and	so	are	useful	in	assessing	interspecies	relationships.	Pearson	correlation	coefficients	were	calculated	utilising	the	equation	4.1.			 			 	 	 Equation	4.1				Where	r	is	the	Pearson	correlation	coefficient,	x	is	the	mixing	ratio	of	one	halocarbon	species	and	y	is	the	mixing	ratio	of	a	second	halocarbon	species.	The	coefficient	quantifies	the	linear	correlation	between	the	two	variables	and	is	a	built-in	function	of	Excel	which	aided	data	processing.	For	this	study	species	were	separated	as	having	some,	good	or	excellent	correlation	using	the	following	criteria:		
Some	correlation		 	 =		 Pearson	coefficient	between	0.5	and	0.75	
	
Good	correlation	 	 =	 Pearson	coefficient	between	0.75	and	0.95		





CFC-113a	 Halon	1202	 HCFC-133a	 HCFC-142b	 HFC-227ea	 	HFC-23	 DCM	 PCE	 	 	 	
CFC-113a	 CFC-113	 Halon	1202	 HCFC-133a	 HCFC-141b	 HCFC-142b	 	HFC-227ea	 DCM	 PCE	 CH3Cl	 COS	 	
Halon	1211	 HCFC-225cb	 HFC-134a	 HFC-143a	 HFC-125	 C2F6	 	C3F8	 c-C4F8	 SF6	 Bromoform	 	 	
Halon	1202	 CFC-113	 CFC-113a	 HCFC-133a	 HCFC-141b	 HCFC-142b	 	HFC-227ea	 HFC-23	 DCM	 PCE	 	 	
HCFC-133a	
CFC-113	 CFC-113a	 Halon	1202	 HCFC-142b	 HFC-227ea	 	HFC-23	 HFC-365mfc	 DCM	 PCE	 	 	
HCFC-141b	 CFC-113a	 Halon	1202	 HFC-125	 DCM	 PCE	 CH3Cl	
HCFC-142b	
CFC-113	 CFC-113a	 Halon	1202	 HCFC-133a	 HFC-227ea	 	DCM	 PCE	 COS	 	 	 	
HFC-134a	
Halon	1211	 HCFC-225cb	 C2F6	 C3F8	 c-C4F8	 	SF6	 CH3I	 	 	 	 	
HFC-143a	 Halon	1211	 HFC-125	 DCE	 	 	 	
HFC-227ea	
CFC-113	 CFC-113a	 Halon	1202	 HCFC-133a	 HCFC-142b	 	DCM	 CH3Cl	 	 	 	 	
HFC-23	
CFC-113	 Halon	1202	 HCFC-133a	 HFC-227ea	 HFC-365mfc	 	DCM	 CH3Cl	 COS	 	 	 	
HFC-125	
Halon	1211	 HCFC-141b	 HFC-143a	 HFC-32	 cC4F8	 	DCM	 CH3I	 CO	 	 	 	
HFC-365mfc	 HCFC-133a	 HFC-23	 PCE	 	 	 	
C2F6	 Halon	1211	 HFC-134a	 c-C4F8	 SF6	 CH3I	 	
C3F8	 Halon	1211	 HFC-134a	 	 	 	 	
c-C4F8	 Halon	1211	 HFC-134a	 HFC-125	 C2F6	 SF6	 CH3I	
SF6	
Halon	1211	 HCFC-225cb	 HFC-134a	 C2F6	 c-C4F8	 	Bromoform	 CH3I	 	 	 	 	
DCM	
CFC-113	 CFC-113a	 Halon	1202	 HCFC-133a	 HCFC-141b	 	HCFC-142b	 HFC-227ea	 HFC-23	 HFC-125	 PCE	 	
PCE	
CFC-113	 CFC-113a	 Halon	1202	 HCFC-133a	 HCFC-141b	 	HCFC-142b	 HCFC-21	 DCM	 CH3Cl	 COS	 	
DCE	 HFC-143a	 C2H5Cl	 	 	 	 	
C2H5Cl	 DCE	 	 	 	 	 	
Bromoform	 Halon	1211	 SF6	 	 	 	 	
CH3Cl	 CFC-113a	 HCFC-141b	 HFC-227ea	 HFC-23	 PCE	 COS	
CH3I	 HFC-134a	 C2F6	 c-C4F8	 SF6	 	 	
COS	 CFC-113a	 HCFC-142b	 HCFC-21	 HFC-23	 PCE	 CH3Cl	




CFC-11	 Chloroform	 C2H5Cl	 CCl4	 CH3Cl	 COS	 	
CFC-113	
HCFC-133a	 HCFC-142b	 HFC-23	 C7F16	 PCE	 Chloroform	CH3Cl	 COS	 	 	 	 	
CFC-113a	
HCFC-142b	 HFC-227ea	 HFC-23	 C7F16	 PCE	 Chloroform	C2H5Cl	 CCl4	 CH3Cl	 COS	 	 	
Halon	1211	 HCFC-22	 HFC-134a	 HFC-143a	 	 	 	
Halon	1202	
HCFC-22	 HFC-143a	 HFC-125	 HFC-152a	 C4F10	 C7F16	PCE	 CCl4	 CH3Cl	 COS	 	 	
Halon	1301	 HCFC-142b	 	 	 	 	 	
HCFC-22	
Halon	1211	 Halon	1202	 HCFC-141b	 HFC-134a	 HFC-143a	 HFC-23	HFC-125	 HFC-152a	 C4F10	 C7F16	 DCE	 PCE	Chloroform	 CH3Cl	 CH3Br	 COS	 	 	
HCFC-133a	
CFC-113	 HCFC-142b	 HFC-227ea	 HFC-23	 HFC-365mfc	 C7F16	PCE	 Chloroform	 CH3Cl	 COS	 	 	
HCFC-141b	
HCFC-22	 HFC-143a	 HFC-125	 HFC-152a	 HFC-245fa	 C2F6	C3F8	 c-C4F8	 	 	 	 	
HCFC-142b	
CFC-113	 CFC-113a	 Halon	1301	 HCFC-133a	 HFC-23	 PCE	Chloroform	 CH3Cl	 COS	 	 	 	
HFC-134a	
H1211	 HCFC-22	 HFC-143a	 HFC-125	 C2F6	 c-C4F8	SF6	 	 	 	 	 	
HFC-143a	
Halon	1211	 Halon	1202	 HCFC-22	 HCFC-141b	 HFC-134a	 HFC-125	C2F6	 c-C4F8	 SF6	 	 	 	
HFC-227ea	 CFC-113a	 HFC-365mfc	 CH3Cl	 	 	 	
HFC-23	
CFC-113	 CFC-113a	 HCFC-22	 HCFC-133a	 HCFC-142b	 HFC-152a	C7F16	 PCE	 Chloroform	 CCl4	 CH3Cl	 COS	
HFC-125	
Halon	1202	 HCFC-22	 HCFC-141b	 HFC-134a	 HFC-143a	 HFC-152a	HFC-245fa	 C2F6	 C3F8	 c-C4F8	 C4F10	 C7F16	DCM	 DCE	 CH3Cl	 CH3Br	 	 	
HFC-152a	
HCFC-22	 HCFC-141b	 HFC-125	 HFC-23	 DCM	 DCE	PCE	 CH3Cl	 COS	 	 	 	





HCFC-141b	 HFC-134a	 HFC-143a	 HFC-125	 HFC-245fa	 SF6	DCM	 DCE	 	 	 	 	
C3F8	 HCFC-141b	 HFC-125	 SF6	 DCM	 DCE	 	
c-C4F8	 HFC-134a	 HFC-143a	 HFC-125	 HFC-245fa		 	 	
C4F10	 Halon	1202	 HCFC-22	 HFC-125	 C7F16	 PCE	 	
C7F16	
CFC-113	 CFC-113a	 Halon	1202	 HCFC-22	 HCFC-133a	 HFC-125	C4F10	 	 	 	 	 	
SF6	 HFC-134a	 HFC-143a	 C2F6	 C3F8	 c-C4F8	 	
DCM	 HFC-125	 HFC-152a	 HFC-245fa	 C2F6	 C3F8	 c-C4F8	
DCE	
HCFC-22	 HFC-125	 HFC-152a	 HFC-245fa	 C2F6	 C3F8	c-C4F8	 	 	 	 	 	
PCE	
CFC-113	 CFC-113a	 Halon	1202	 HCFC-22	 HCFC-133a	 HCFC-142b	HFC-23	 HFC-152a	 C4F10	 C7F16	 Chloroform	 C2H5Cl	CCl4	 CH3Cl	 COS	 	 	 	
Chloroform	
CFC-11	 CFC-113	 CFC-113a	 HCFC-22	 HCFC-133a	 HCFC-142b	HFC-23	 C7F16	 PCE	 C2H5Cl	 CCl4	 CH3Cl	COS	 	 	 	 	 	
C2H5Cl	
CFC-11	 CFC-113a	 HCFC-133a	 HFC-23	 C7F16	 PCE	Chloroform	 CCl4	 CH3Cl	 COS	 	 	
CCl4	
CFC-11	 CFC-113a	 Halon	1202	 HFC-23	 PCE	 Chloroform	C2H5Cl	 CH3Cl	 COS	 	 	 	
CH3Cl	
CFC-11	 CFC-113	 CFC-113a	 Halon	1202	 HCFC-22	 HCFC-133a	HCFC-142b	 HFC-227ea	 HFC-23	 HFC-125	 HFC-152a	 C7F16	PCE	 Chloroform	 C2H5Cl	 CCl4	 COS	 	
CH3Br	 HCFC-22	 HFC-125	 	 	 	 	
COS	





CFC-114a	 Halon	1202	 HCFC-133a	 HCFC-142b	 HFC-227ea	 DCM	PCE	 	 	 	 	 	
CFC-114a	 CFC-113a	 HCFC-133a	 HCFC-142b	 PCE	 	 	
Halon	1211	 HCFC-141b	 HFC-134a	 HFC-143a	 SF6	 	 	
Halon	1202	 CFC-113a	 HFC-227ea	 DCM	 	 	 	
Halon	1301	 Chloroform	 	 	 	 	 	
HCFC-22	 DCE	 C2H5Cl	 	 	 	 	
HCFC-133a	
CFC-113a	 CFC-114a	 HCFC-142b	 HCFC-124	 HFC-227ea	 DCM	PCE	 	 	 	 	 	
HCFC-141b	
Halon	1211	 HFC-134a	 HFC-143a	 SF6	 DCE	 Chloroform	Bromoform	 	 	 	 	 	
HCFC-142b	
CFC-113a	 CFC-114a	 HCFC-133a	 HCFC-124	 DCM	 PCE	COS	 	 	 	 	 	
HFC-134a	 Halon	1211	 HCFC-141b	 HFC-143a	 SF6	 DCE	 	
HFC-143a	 Halon	1211	 HCFC-141b	 HFC-134a	 SF6	 DCE	 	
HFC-227ea	 CFC-113a	 Halon	1202	 HCFC-133a	 DCM	 	 	
HFC-23	 CFC-113a	 CFC-114a	 HCFC-142b	 PCE	 COS	 	
C2F6	 C3F8	 c-C4F8	 SF6	 	 	 	
C3F8	 C2F6	 c-C4F8	 SF6	 	 	 	
c-C4F8	 C2F6	 C3F8	 	 	 	 	
C6F14	 iso-C6F14	 	 	 	 	 	
iso-C6F14	 C6F14	 	 	 	 	 	
C7F16	 DCM	 DCE	 Chloroform	 	 	 	
SF6	 Halon	1211	 HCFC-141b	 HFC-134a	 HFC-143a	 C2F6	 C3F8	
DCM	
CFC-113a	 Halon	1202	 HCFC-133a	 HCFC-142b	 HCFC-227ea	 C7F16	PCE	 	 	 	 	 	
PCE	 CFC-113a	 CFC-114a	 HCFC-133a	 HCFC-142b	 HFC-23	 DCM	
DCE	 HCFC-22	 HCFC-141b	 HFC-143a	 C7F16	 Chloroform	 CH3Cl	
Chloroform	 Halon	1301	 HCFC-141b	 C7F16	 DCE	 CCl4	 CH3Cl	
CCl4	 Chloroform	 CH3Cl	 	 	 	 	
CH3Cl	 DCE	 Chloroform	 CCl4	 	 	 	
COS	 HCFC-142b	 	 	 	 	 	
Bromoform	 HCFC-141b	 	 	 	 	 	












C3F8	 SF6	 HCFC-141b	 DCM	 HFC-245fa	
C5F12	 C6F14	 DCE	 HFC-152a	 HFC-125	
C6F14	
C5F12	 HCFC-133a	 CFC-113a	 HFC-245fa	C7F16	 C2F6	 C3F8	 HFC-245fa	 HFC-125	C7F16	 C6F14	 c-C4F8	 HFC-245fa	
SF6	 C3F8	 C3F8	 C2F6	
	 	
PCE	 HFC-23	 c-C4F8	
Chloroform	 CCl4	 c-C4F8	 C2F6	CCl4	 Chloroform	 C3F8	
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Date (year) Date (year)
Figure 1 | Trends and emissions of CFC-112, CFC-112a, CFC-113a and HCFC-133a. a–d, Atmospheric histories and global emissions of CFC-112 (a), CFC-112a
(b), CFC-113a (c) and HCFC-133a (d). The range from Northern Hemispheric trend reconstructions (originating from firn air collected in Greenland in
summer 2008; Supplementary Information) is shown as black dashed lines. Diamonds represent averages of measurements of individual samples
(collected at Cape Grim between 1978 and 2012) with 1  standard deviations as error bars. The black solid line is the model fit through this Southern
Hemispheric time series that was used to infer the emissions (red line, right-hand axis) and their 1  uncertainties (red dashed lines). CFC-112a was found to
be unstable in the type of storage canisters used for Cape Grim samples before 1999 and the temporal trend and emissions for the earlier part of the record
were inferred using firn data (red dotted line). As mixing of air in the firn smoothes out short-term variations, these CFC-112a emissions are not directly
comparable to the Cape Grim data, but both estimates agree within the uncertainties for the overlap period.
It is particularly interesting as its behaviour is dissimilar to that of
its isomer CFC-113 (CF2ClCFCl2), which has been decreasing in
abundance for more than a decade2.
The fourth ODS in Fig. 1, HCFC-133a, also exhibits an unusual
behaviour. It appeared in the atmosphere before CFC production
was being replaced on a large scale by HCFCs. It is thus likely
that its sources are to some degree unrelated to CFC replacement.
Also notable is an accelerated increase starting in 2004, which
was then interrupted from mid-2008 to mid-2010. These variations
may be due to one or few large industrial emitters changing
production procedures and/or product ranges. In more recent
years we observe a strong growth and atmospheric abundances of
HCFC-133a increased by 45% in the last 2.5 years of the record.
The estimation of global emissions of these ODSs from the
inferred time trends requires knowledge of their atmospheric
lifetimes. Only in the case of HCFC-133a has an estimate been
published (4.3 years; ref. 2). Stratospheric lifetimes of CFCs are
essentially identical to their total atmospheric lifetimes2. We use
measurements of these gases in air samples collected in the
stratosphere and apply a previously described methodology10,11.
This method allows the estimation of the stratospheric lifetime
of an unknown compound to be inferred from its correlation
with a compound of known stratospheric lifetime. We use the
correlations of the newly reported compounds with that of CFC-11
assuming a recommended lifetime of 45 years for the latter2. The
resulting lifetimes are similar to that of CFC-11 with 51 years for
CFC-112 (uncertainty range from 37 to 82 years), 44 years for
CFC-112a (28–98 years), 51 years for CFC-113a (27–264 years),
and 35 years (21–92 years) for HCFC-133a. In agreement with
ref. 2, the stratospheric lifetime of HCFC-133a is much longer than
its overall atmospheric lifetime. As with other HCFCs, its loss is
dominated by the reactionwith theOHradical, which occursmainly
in the troposphere.
Another important quantity that can be inferred from
stratospheric measurements is the ozone depletion potential
(ODP), which ‘represents the global ozone loss due to release of
a particular molecule relative to a reference molecule (generally
CFC-11)’12. We infer semi-empirical ODPs of 0.88 (uncertainty
range 0.62–1.44) for CFC-112, 0.88 (0.50–2.19) for CFC-112a, and
0.68 (0.34–3.79) for CFC-113a. Taking into account that CFC-11 is
a strong ODS, this implies that the three new CFCs are comparably
dangerous to stratospheric ozone on a per kilogram basis. For
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Figure 1 | Trends and emissions of CFC-112, CFC-112a, CFC-113a and HCFC-133a. a–d, Atmospheric histories and global emissions of CFC-112 (a), CFC-112a
(b), CFC-113a (c) and HCFC-133a (d). The range from Northern Hemispheric trend reconstructions (originating from firn air collected in Greenland in
summer 2008; Supplementary Information) is shown as black dashed lines. Diamonds represent averages of measurements of individual samples
(collected at Cape Grim between 1978 and 2012) with 1  standard deviations as error bars. The black solid line is the model fit through this Southern
Hemispheric time series that was used to infer the emissions (red line, right-hand axis) and their 1  uncertainties (red dashed lines). CFC-112a was found to
be unstable in the type of storage canisters used for Cape Grim samples before 1999 and the temporal trend and emissions for the earlier part of the record
were inferred using firn data (red dotted line). As mixing of air in the firn smoothes out short-term variations, these CFC-112a emissions are not directly
comparable to the Cape Grim data, but both estimates agree within the uncertainties for the overlap period.
It is particularly interesting as its behaviour is dissimilar to that of
its isomer CFC-113 (CF2ClCFCl2), which has been decreasing in
abundance for more than a decade2.
The fourth ODS in Fig. 1, HCFC-133a, lso exhibits an unusual
behaviour. It ppeared in the atmosphere before CFC production
was being replaced on a large scale by HCFCs. It is thus likely
that its sources are to some degree unrelated to CFC replacement.
Also notable is an accelerated increase starting in 2004, which
was then interrupted from mid-2008 to mid-2010. These variations
may be due to one or few large industrial emitters changing
production procedures and/or product ranges. In more recent
years we observe a strong growth and atmospheric abundances of
HCFC-133a increased by 45% in the last 2.5 years of the record.
The estimation of global emissions of these ODSs from the
inferred time trends requires knowledge of their atmospheric
lifetimes. Only in the case of HCFC-133a has an estimate been
published (4.3 years; ref. 2). Stratospheric lifetimes of CFCs are
essentially identical to their total atmospheric lifetimes2. We use
m asurements of these gas s in air sampl s collected in the
stratosphere and apply a previously described methodology10,11.
This method allows the estimation of the stratospheric lifetime
of an unknown compound to be inferred from its correlation
with a compound of known stratospheric lifetime. We use the
correlations of the newly reported compounds with that of CFC-11
assuming a recommended lifetime of 45 years for the latter2. The
resulting lifetimes are similar to that of CFC-11 with 51 years for
CFC-112 (uncertainty range from 37 to 82 years), 44 years for
CFC-112a (28–98 years), 51 years for CFC-113a (27–264 years),
and 35 years (21–92 years) for HCFC-133a. In agreement with
ref. 2, the stratospheric lifetime of HCFC-133a is much longer than
its overall atmospheric lifetime. As with other HCFCs, its loss is
dominated by the reactionwith theOHradical, which occursmainly
in the troposphere.
Another important quantity that can be inferred from
stratospheric measurements is the ozone depletion potential
(ODP), which ‘represents the global ozone loss due to release of
a particular molecule relative to a reference molecule (generally
CFC-11)’12. We infer semi-empirical ODPs of 0.88 (uncertainty
range 0.62–1.44) for CFC-112, 0.88 (0.50–2.19) for CFC-112a, and
0.68 (0.34–3.79) for CFC-113a. Taking into account that CFC-11 is
a strong ODS, this implies that the three new CFCs are comparably
dangerous to stratospheric ozone on a per kilogram basis. For

































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 1-1. Mean glob l surface mole fractions (expressed as dry air mole fractions in parts per trillion or 
ppt) of ozone-d pleting substances from i dependent sampling networks and from scenario A1 of the 
previous Ozone Assessments (Daniel and Vel ers et al., 2007, 2011) over the past 22 years (1990–2012). 
Meas red global surface annu l mea s are shown as red lines (NOAA data), black lines (AGAGE data), 
and blue lin s (University of East Anglia (UEA) Southern Hemisphere (S.H.) data,       (continued next page) 
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Figure 1 | Trends and emissions of CFC-112, CFC-112a, CFC-113a and HCFC-133a. a–d, Atmospheric histories and global emissions of CFC-112 (a), CFC-112a
(b), CFC-113a (c) and HCFC-133a (d). The range from Northern Hemispheric trend reconstructions (originating from firn air collected in Greenland in
summer 2008; Supplementary Information) is shown as black dashed lines. Diamonds represent averages of measurements of individual samples
(collected at Cape Grim between 1978 and 2012) with 1  standard deviations as error bars. The black solid line is the model fit through this Southern
Hemispheric time series that was used to infer the emissions (red line, right-hand axis) and their 1  uncertainties (red dashed lines). CFC-112a was found to
be unstable in the type of storage canisters used for Cape Grim samples before 1999 and the temporal trend and emissions for the earlier part of the record
were inferred using firn data (red dotted line). As mixing of air in the firn smoothes out short-term variations, these CFC-112a emissions are not directly
comparable to the Cape Grim data, but both estimates agree within the uncertainties for the overlap period.
It is particularly interesting as its behaviour is dissimilar to that of
its isomer CFC-113 (CF2ClCFCl2), which has been decreasing in
abundance for more than a decade2.
The fourth ODS in Fig. 1, HCFC-133a, also exhibits an u usual
behaviour. It appeared in th atmosph re befor CFC pr duction
was being replaced on a large scale by HCFCs. It is thus likely
that its sources are to some degree unrelated to CFC replacement.
Also notable is an accelerated increase starting in 2004, which
was then interrupted from mid-2008 to mid-2010. These variations
may be due to one or few large industrial emitters changing
production procedures and/or product ranges. In more recent
years we observe a strong growth and atmospheric abundances of
HCFC-133a increased by 45% in the last 2.5 years of the record.
The estimation of global emissions of these ODSs from the
inferred time trends requires knowledge of their atmospheric
lifetimes. Only in the case of HCFC-133a has an estimate been
published (4.3 years; ref. 2). Stratospheric lifetimes of CFCs are
essentially identical to their total atmospheric lifetimes2. We use
measurements of these gases in air samples collected in the
stratosphere and apply a previously described methodology10,11.
This method allows the estimation of the stratospheric lifetime
of an unknown compound to be inferred from its correlation
with a compound of known stratospheric lifetime. We use the
correlations of the newly reported compounds with that of CFC-11
assuming a recommended lifetime of 45 years for the latter2. The
resulting lifetimes are similar to that of CFC-11 with 51 years for
CFC-112 (uncertainty range from 37 to 82 years), 44 years for
CFC-112a (28–98 years), 51 years for CFC-113a (27–264 years),
and 35 years (21–92 years) for HCFC-133a. In agreement with
ref. 2, the stratospheric lifetime of HCFC-133a is much longer than
its overall atmospheric lifetime. As with other HCFCs, its loss is
dominated by the reactionwith theOHradical, which occursmainly
in the troposphere.
Another important quantity that can be inferred from
stratospheric measurements is the ozone depletion potential
(ODP), which ‘represents the global ozone loss due to release of
a particular molecule relative to a reference molecule (generally
CFC-11)’12. We infer semi-empirical ODPs of 0.88 (uncertainty
range 0.62–1.44) for CFC-112, 0.88 (0.50–2.19) for CFC-112a, and
0.68 (0.34–3.79) for CFC-113a. Taking into account that CFC-11 is
a strong ODS, this implies that the three new CFCs are comparably
dangerous to stratospheric ozone on a per kilogram basis. For
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Figure 1 | Trends and emissions of CFC-112, CFC-112a, CFC-113a nd HCFC-133a. a–d, Atmospheric histories and global emissions of CF -112 (a), CF -112a
(b), CFC-113a (c) and HCFC-133a (d). The range from Northern Hemispheric trend reconstructions (originating from firn air collected in Greenland in
sum er 20 8; Supplementary Information) is hown as black dashed lines. Diamonds repres nt averages of measurements of individual samples
(collected at Cape Grim between 1978 and 2012) with 1  standard eviations as error bars. The black solid line is the model fit through t is Southern
Hemispheric time series that was used to infer the missions (red line, right-hand axis) and their 1  uncertainties (red dashed lines). CF -112a was found to
be unstable in the type of storage canisters used for Cape Grim samples before 1999 and the t mporal trend and emissions for the earlier part of the r cord
wer inferred using firn dat (red otted line). As mixing of air in the firn smoothes out short-term vari tions, thes CF -112a emissions are not directly
compar ble to the Cape Grim dat , but both estimates agree within the uncertainties for the overlap eriod.
It is particularly interesting as its behaviour is dissimilar to that of
its isomer CFC-1 3 (CF2ClCFCl2), which has been decreasing in
abundance for more than a decade2.
The fourth ODS in Fig. 1, HCFC-133a, also exhibits an unus al
behaviour. It ap e red in the atmosphere before CFC production
was being replaced on a larg scale by HCFCs. It is thus likely
that its sources are to some degree unrelated to CFC replacement.
Also notable is an accel rated increase starting in 2004, which
was then interrupted from mid-2008 to mid-2010. Thes variations
may be due to one or few large industrial emitters changing
production procedures and/or product ranges. In more rec nt
years we observe a strong rowth and atmospheric abundances of
HCFC-13 a increased by 45% in the last 2.5 years of the record.
The estimation of global emissions of thes ODSs from the
inferred time trends requires knowledge of their atmospheric
lifetimes. Only in the case of HCFC-133a has an estimate been
published (4.3 years; ref. 2). Stratospheric lifetimes of CFCs are
essentially identical to their total atmospheric lifetimes2. We use
measurements of these gases in air samples collected in the
stratosphere and ap ly a previously described methodol gy10,11.
This method allows the estimation of the stratospheric lifetime
of an unknown compound to be inferred from its correlation
with a compound of known stratospheric lifetime. We use the
correlations of the newly reported compounds with that of CFC-11
assuming a recom ende lifetime of 45 years for the latter2. The
resulting lifetimes are similar to that of CFC-11 with 51 years for
CFC-112 (uncertainty range from 37 to 82 years), 44 years for
CFC-112a (28–98 years), 51 years for CFC-113a (27–264 years),
and 35 years (21–92 years) for HCFC-133a. In agreement with
ref. 2, the stratospheric lifetime of HCFC-133a is much longer than
its overall atmospheric lifetime. As with other HCFCs, its loss is
dominated by the r actionwith t eOHradical, which occursmainly
in the tropospher .
Another important quantity that can be inferred from
stratospheric measurements is the oz ne depletion potential
(ODP), which ‘repres nts the global oz ne loss due to release of
a particular molecule relative to a refer nce molecule (gen rally
CFC-11)’12. We infer semi-empirical ODPs of 0.88 (uncertainty
range 0.62–1.44) for CFC-112, 0.88 (0.50–2.19) for CFC-112a, nd
0.68 (0.34–3.79) for CFC-113a. Taking into account that CFC-11 is
a strong ODS, this implies that the three new CFCs are compar bly
dangerous to stratospheric oz ne on a per kilogram basis. For




Figure 1-1. Mean global surface mole fractions (expressed as dry air mole fractions in parts per trillion or 
ppt) of ozone-depleting substances from independent sampling networks and from scenario A1 of the 
previous Ozone Assessments (Daniel and Velders et al., 2007, 2011) over the past 22 years (1990–2012). 
Measured global surface annual means are shown as red lines (NOAA data), black lines (AGAGE data), 
and blue lines (University of East Anglia (UEA) Southern Hemisphere (S.H.) data,       (continued next page) 
Figure	4.55:	Global	mole	fraction	of	CFC-113	from	1990	to	2012.	Taken	from	Carpenter	and	Reimann,	2014.	


















































































































































































Campaign	 Date	 Mixing	Ratio	(ppt)	 Winds	CFC-113	 CFC-113a	 HCFC-133a	 NAME	Trajectory	 Local	
2013	 14/03/13	 76.9	 1.1	 1.9	 China/Korea	 ENE	21/03/13	 79.8	 2.5	 5.5	 China/Korea	 ENE	22/03/13	 76.7	 1.2	 1.8	 Korea/Pacific	 NNW	03/04/13	 77.7	 1.8	 2.2	 China	 ENE	
2014	 13/03/14	 78.9	 2.9	 1.7	 China	 ENE	28/03/14	 79.3	 2.9	 1.9	 China/Japan/Pacific	 SSE	30/03/14	 82.1	 3.2	 1.7	 China	 ESE	31/03/14	 76.2	 1.4	 1.3	 China	 NNW	






















































































































12/03/13	 0.03	 Korea	 SSW	
14/03/13	 0.04	 China/Korea	 ENE	
21/03/13	 0.06	 China/Korea	 ENE	
22/03/13	 0.04	 Korea/Pacific	 NNW	
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Group	 Name	 Entech	 AutoSpec	 1	 2	 3	
CFCs	
11	 NOAA	 ✓	 ✓	 101	 103	 	12	 NOAA	 ✓	 ✓	 101	 103	 	13	 UEA	 	 ✓	 85	 87	 	113	 NOAA	 ✓	 ✓	 101	 103	 117	113a	 UEA	 	 ✓	 103	 117	 	114	 Estimate	 ✓	 ✓	 85	 87	 135	114a	 UEA	 	 ✓	 85	 87	 135	115	 UEA	 ✓	 ✓	 85	 87	 	
Halons	 1211	 NOAA	 ✓	 ✓	 85	 129	 131	1202	 UEA	 	 ✓	 129	 131	 	1301	 NOAA	 ✓	 ✓	 69	 129	 131	2402	 UEA	 ✓	 ✓	 129	 179	 181	
HCFCs	 22	 NOAA	 ✓	 	 67	 	 	133a	 UEA	 ✓	 ✓	 118	 120	 	141b	 NOAA	 ✓	 	 81	 101	 103	142b	 NOAA	 ✓	 	 65	 	 	
VSLS-Cl	 PCE	 NOAA	 ✓	 	 129	 166	 	DCE	 UEA	 	 ✓	 62	 64	 	CH2Cl2	 NOAA	 ✓	 ✓	 83	 84	 	Chloroform	 No	Scale	 ✓	 	 83	 117	 119	C2H5Cl	 UEA	 	 ✓	 64	 66	 	








































































































































































































































































































































































































































































































































































































































































































































































5.6.3	 Correlation	Overview		For	all	the	ODS	measured,	interspecies	correlations	were	assessed	using	the	Pearson	correlation	coefficients,	calculated	utilising	the	equation	4.1.			 			 	 	 Equation	4.1				Where	r	is	the	Pearson	correlation	coefficient,	x	is	the	mixing	ratio	of	one	halocarbon	species	and	y	is	the	mixing	ratio	of	a	second	halocarbon	species.	The	coefficient	quantifies	the	linear	correlation	between	the	two	variables	and	is	a	built-in	function	of	Excel	which	aided	data	processing.	Species	were	separated	as	having	some,	good	or	excellent	correlation	using	the	following	criteria:		
Some	correlation		 	 =		 Pearson	coefficient	between	0.5	and	0.75	
	
Good	correlation	 	 =	 Pearson	coefficient	between	0.75	and	0.95		






11	 CFC-13	 CFC-114	 	 	 	 	 	
12	 CFC-13	 	 	 	 	 	 	
13	 CFC-11	 CFC-12	 CFC-114	 CFC-114a	 	 	 	
113a	
HCFC-133a	 HCFC-142b	 CH2Cl2	 DCE	 	 	 	
PCE	 Chloroform	 CO	 Industrial	CO	 	 	
114	 CFC-11	 CFC-13	 CFC-114a	 	 	 	 	
114a	 CFC-13	 CFC-114	 Halon	1211	 	 	 	 	
Halons	
1211	
CFC-114a	 Halon	1202	 Halon	1301	 HCFC-22	 HCFC-141b	 HCFC-142b	 	
CH2Cl2	 DCE	 PCE	 CH3Cl	 Industrial	CO	 	
1202	
Halon	1211	 HCFC-22	 HCFC-141b	 HCFC-142b	 CH2Cl2	 	 	
DCE	 PCE	 CO	 Industrial	CO	 	 	
1301	 Halon	1211	 	 	 	 	 	 	
HCFCs	
22	
Halon	1211	 Halon	1202	 HCFC-133a	 HCFC-141b	 HCFC-142b	 CH2Cl2	 DCE	
PCE	 Chloroform	 Ethyl-Cl	 CH3Cl	 CO	 Industrial	CO	
133a	
CFC-113a	 HCFC-22	 HCFC-141b	 HCFC-142b	 CH2Cl2	 DCE	 	
PCE	 Chloroform	 Ethyl-Cl	 CO	 Industrial	CO	 	
141b	
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DCM	vs	141b	 DCM	vs	142b	 DCM	vs	DCE	 DCM	vs	PCE	
Figure	5.20:	Interspecies	correlation	between	dichloromethane	and	HCFC-141b,	HCFC-142b,	DCE	and	PCE	during	the	Bachok	campaign.	
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(ppt)	CH2Br2	 56.3	 88.8	Bromoform	 108.0	 39.6	CHClBr2	 29.5	 7.26	CH2ClBr	 4.4	 6.1	
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As	such	the	global	average	MBL	equivalent	chlorine	mixing	ratio	from	Carpenter	and	Reimann	(2014)	was	adjusted	to	4508	ppt	and	the	average	observered	cold	surge	equivalent	chlorine	mixing	ratio	was	adjusted	to	5948	ppt	accordingly	(see	Table	5.8).	20%	of	each	of	these	values	was	then	found	to	represent	the	maximum	abundance	transported	from	the	boundary	layer	to	the	TTL	of	902	ppt	and	1190	ppt	respectively.		Tissier	and	Legras	(2016)	suggested	that	for	the	North	Asian	Pacific	Ocean,	where	these	convective	events	occur	during	cold	surges,	the	average	upwards	mass	flux	through	the	TTL	(and	so	likely	to	enter	the	stratosphere)	in	January	is		2.5x109	kg	s-1.	Given	that	the	cold	surge	measured	at	Bachok	lasted	for	6	days,	this	is	an	approximate	upwards	mass	flux	of	4.8x108	kg	s-1	(see	Table	5.9).	To	estimate	what	proportion	of	this	may	contain	the	previously	calculated	equivalent	chlorine	abundances,	these	were	converted	into	g	L-1	values	(see	Table	5.8).	Using	the	density	of	dry	air	at	15	km,	the	percentage	of	equivalent	chlorine	in	TTL	air	was	then	worked	out	for	both	data	sets	(see	Table	5.8).	This	was	then	combined	with	the	previously	calculated	upwards	mass	flux	of	a	6	period	in	January	to	estimate	the	mass	of	equivalent	chlorine	being	potentially	transported	into	the	stratosphere	(see	Table	5.8).	For	the	Carpenter	and	Reimann	(2014)	based	values,	an	upwards	mass	flux	of	2.34	kg	s-1	was	estimated	whereas	the	Bachok	data	was	estimated	at	3.09	kg	s-1,	producing	a	difference	of	+0.75	kg	s-1	from	observations	(see	Table	5.9).		
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(hrs)	BLANK	1	 09:52	 09:41	 23:49	BLANK	2	 09:53	 09:45	 23:52	BLANK	3	 09:54	 09:47	 23:53	COL-01	 09:37	 10:07	 24:30	COL-02	 09:38	 10:08	 24:30	COL-03	 09:39	 10:09	 24:30	HOL-1	1	 09:30	 09:50	 24:20	HOL-1	2	 09:31	 09:52	 24:21	HOL-1	3	 09:32	 09:54	 24:22	HOL-1	4	 09:33	 09:55	 24:22	Os	HOL	1	 09:45	 10:01	 24:16	Os	HOL	2	 09:46	 10:03	 24:17	Os	HOL	3	 09:47	 10:04	 24:17	Os	HOL	4	 09:48	 10:06	 24:18			
November	2013	
	




Sample	 Time	Covered	 Time	Collected	 Total	time	(hrs)	Blank	1	 14:30	 15:37	 49:07	Blank	2	 14:32	 15:44	 49:12	Blank	3	 14:34	 15:40	 49:06	Blank	4	 15:00	 16:20	 49:20	WT	1	 14:36	 15:46	 49:10	WT	2	 14:38	 15:46	 49:08	WT	3	 14:40	 15:52	 49:12	WT	4	 14:42	 15:54	 49:12	Pp	HOL4-1	 14:44	 15:38	 48:54	Pp	HOL4-2	 14:46	 16:00	 49:14	Pp	HOL4-3	 14:58	 16:05	 49:07	Pp	HOL4-4	 14:48	 16:08	 49:20	Pp	HOL9-1	 14:50	 16:10	 49:20	Pp	HOL9-2	 14:52	 16:15	 49:23	Pp	HOL9-3	 14:54	 16:17	 49:23	Pp	HOL9-4	 14:56	 16:19	 49:23			
June	2014	
	
































































































Panel Display  

























Inline Press. Reg 
No mounting req. 
In: 14-30Vdc 50mA 
Out:0-10Vdc 
Out: 0-10Vdc 
Out: rs232 or 
 0 to +/-10Vdc 
Control: Rs232 or 2 TTL 
Read: RS232 or 2 TTL out 
Trap and GC attached to valve 
Dryer 


















































































































Temp	0	 0.25	 0.5	 0.75	 1	 1.25	 1.5	 1.75	 2	
15	 -67.8	 76.8	 180.0	 157.4	 155.2	 157.8	 159.8	 159.2	 158.0	 191	 3.83	
12	 -73.4	 75.6	 178.0	 155.4	 156.0	 158.0	 157.0	 152.4	 154.6	 185	 3.70	
10	 -74.0	 73.8	 171.4	 154.8	 156.0	 154.0	 154.0	 156.6	 158.4	 175	 2.68	
8	 -74.0	 64.0	 143.4	 152.6	 156.6	 156.2	 153.0	 151.8	 154.4	 168	 2.74	
6	 -74.2	 43.6	 76.8	 155.4	 154.0	 152.8	 151.4	 151.0	 150.8	 162	 1.30	
5	 -75.0	 41.6	 84.4	 153.4	 152.4	 151.6	 151.8	 151.8	 151.8	 163	 2.35	
4	 -74.2	 33.2	 71.4	 134.6	 152.0	 152.2	 151.8	 151.8	 150.6	 158	 0.71	
3	 -75.0	 23.6	 57.0	 75.2	 142.6	 150.8	 150.0	 152.4	 151.0	 157	 0.84	









Temp	0	 0.25	 0.5	 0.75	 1	 1.25	 1.5	 1.75	 2	
12	 -68.8	 158.0	 155.2	 155.4	 153.4	 155.2	 154.6	 152.8	 155.6	 167	 1.89	
10	 -114.4	 152.6	 151.6	 153.2	 153.8	 152.6	 153.4	 154.4	 155.2	 167	 3.32	
7	 -80.4	 130.6	 152.2	 151.6	 152.6	 155.4	 154.6	 151.4	 151.8	 161	 0.96	
5	 -70.6	 92.4	 151.2	 150.8	 152.0	 152.2	 152.8	 149.8	 152.2	 158	 0.96	
4	 -79.0	 69.4	 142.4	 150.2	 150.6	 149.2	 148.0	 150.2	 152.6	 156	 0.58	


























































RT	CFC-12	 10.145	 7.92	CH3Cl	 11.805	 10.21	HFC-227ea	 13.37	 11.41	CFC-11	 14.615	 12.79	CH2Cl2	 16.2	 14.7	CFC-113	 17.375	 15.4	Halon	2402	 17.695	 15.61	Chloroform	 18.09	 16.2	Benzene	 21.24	 19.17	
	 XXXIII	
			








































Function	 Window	 Compound	 RT	 Mass	 Qualifiers	Start	 Finish	1	 5.0	 11.0	 C2F6	 10.3	 119	 		 		SF6	 10.8	 127	 		 		2	 11.0	 13.3	 HFC-23	 11.2	 50	 		 		COS	 13.1	 62	 		 		3	 13.3	 14.5	 C3F8	 14.0	 169	 		 		4	 14.5	 15.3	 CFC-115	 14.8	 102	 		 		HFC-125	 15.2	 101	 		 		5	 15.3	 16.8	 HFC-143a	 15.4	 65	 		 		CFC-12	 15.6	 85	 		 		HCFC-22	 15.7	 67	 		 		6	 16.8	 17.7	 HFC-134a	 17.0	 83	 		 		CH3Cl	 17.1	 50	 		 		7	 17.7	 18.5	 Halon	1211	 18.0	 129	 		 		







































































































































































































































































Liquid	N2	 0.97	 3.22	 1.69		






















































































































































































































Group	 Name	 2013	 2014	 2015	
Min	 Median	 Max	 Min	 Median	 Max	 Min	 Median	 Max	
CFCs	
11	 249	 256	 304	 229	 237	 249	 231	 238	 757	12	 511	 526	 543	 519	 524	 530	 513	 519	 533	13	 4.0	 4.1	 4.7	 		 		 		 4.0	 4.0	 4.1	113	 74.1	 75.4	 79.8	 73.4	 74.8	 82.1	 		 		 		113a	 0.4	 0.7	 1.8	 0.7	 0.9	 3.2	 0.6	 0.8	 1.6	114	 		 		 		 		 		 		 14.7	 15.0	 15.3	114a	 		 		 		 		 		 		 1.05	 1.08	 1.20	115	 8.7	 8.8	 9.0	 8.4	 8.7	 9.0	 8.5	 8.8	 9.2	
Halons	






Group	 Name	 2013	 2014	 2015	
Min	 Median	 Max	 Min	 Median	 Max	 Min	 Median	 Max	
HCFCs	
21	 1.3	 2.0		 4.2	 1.2	 2.2		 8.4	 		 		 		22	 230	 260	 350	 235	 267	 347	 242	 261	 2090	31	 		 		 		 3.7	 5.6		 27.6	 3.2	 4.5		 16.5	123	 		 		 		 0.02	 0.05		 0.95	 0.02	 0.06		 0.16	124	 		 		 		 0.9	 0.9		 1.3	 0.8	 1.0	 1.4	133a	 0.5	 0.8	 5.5	 0.5	 0.6	 1.9	 0.4	 0.6	 1.8	141b	 25	 31	 48	 25	 33	 95	 25	 29	 40	142b	 21.2	 23.0	 28.2	 21.7	 24.1	 30.0	 22.0	 23.5	 27.0	225cb	 0.8	 		 1.9	 0.5	 	0.7	 1.6	 		 		 		
Chloro-
carbons	






Group	 Name	 2013	 2014	 2015	
Min	 Median	 Max	 Min	 Median	 Max	 Min	 Median	 Max	
VSLS-Cl	
PCE	 1.66	 4.38	 10.8	 1.65	 5.61	 18.6	 1.8	 4.3	 8.9	DCE	 23.7	 119	 820	 15	 82	 950	 12.8	 59.0	 356	CH2Cl2	 76.8	 239	 477	 75.4	 265	 3970	 59.4	 199	 537	Chloroform	 11.6	 33.0	 199	 14	 36	 100	 12.7	 28.0	 125	C2H5Cl	 38.2	 68.4	 609	 9.5	 20.6	 57.5	 15.2	 30.5	 144	CHClCHCl	 0.0	 1.3		 72	 0.0	 0.4	 3.7	 0.0	 1.8	 13	CH2CCl2	 0.7	 3.8	 160	 0.3	 1.2	 60	 0.4	 1.3	 51	
VSLS-Br	
CH2Br2	 1.3	 1.4	 1.6	 1.3	 1.6	 2.3	 0.8	 1.3	 3.7	Bromoform	 1.4	 2.2	 4.9	 3.5	 5.8	 25	 0.8	 2.0	 5.3	CHClBr2	 		 		 		 0.9	 1.5	 4.1	 		 		 		C2H5Br	 2.2	 2.9	 10	 0.5	 1.3	 3.6	 0.7	 1.5	 3.1	CH2ClBr	 		 		 		 0.2	 0.2	 0.4	 		 		 		
Methyl	
Halides	






Group	 Name	 2013	 2014	 2015	
Min	 Median	 Max	 Min	 Median	 Max	 Min	 Median	 Max	
HFCs	







Group	 Name	 2013	 2014	 2015	
Min	 Median	 Max	 Min	 Median	 Max	 Min	 Median	 Max	
PFCs	
C2F4	 0.6	 1.8	 6.3	 0.2	 0.6	 5.8	 		 		 		C2F6	 3.84	 4.16	 4.47	 3.84	 4.03	 8.32	 3.89	 4.06	 4.93	C3F8	 0.58	 0.67	 1.1	 0.58	 0.66	 6.09	 0.53	 0.61	 1.25	C4F10	 		 		 		 0.17	 0.19	 0.24	 0.18	 0.19	 0.20	iso-C4F10	 		 		 		 		 		 		 0.07	 		 0.12	c-C4F8	 1.0	 1.2	 1.3	 1.4	 1.5	 3.8	 1.4	 1.5	 2.2	C5F12	 0.25	 0.36	 0.56	 0.15	 0.16	 0.19	 0.14	 0.15	 0.16	c-C5F10	 		 		 		 		 		 		 1.2	 1.3	 1.6	C6F14	 0.69	 1.2	 1.9	 		 		 		 0.26	 0.27	 0.59	iso-C6F14	 		 		 		 		 		 		 1.1	 1.3	 1.6	C7F16	 0.30	 0.47	 0.75	 0.10	 0.13	 0.23	 0.11	 0.13	 0.19	SF6	 7.70	 8.94	 14.4	 8.33	 9.84	 26.0	 8.56	 9.36	 18.9	
Other	

































11	 236.49	 5.3	 8.3	 29	 234.66	 -2.4	 1.2	 6.3	 233.36	 -1.0	 2.2	 220	12	 523.71	 -2.4	 0.3	 3.7	 521.03	 -0.4	 0.6	 1.6	 517.50	 -0.8	 0.3	 3.1	13	 3.83	 3.7	 6.5	 24	 		 		 		 		 3.84	 2.9	 4.3	 6.8	113	 73.57	 0.7	 2.5	 8.4	 72.99	 0.5	 2.5	 12	 		 		 		 		113a1	 0.50	 -28	 43	 260	 0.51	 27	 77	 520	 0.53	 14	 42	 200	114	 		 		 		 		 		 		 		 		 14.73	 -0.3	 1.8	 3.8	114a	 		 		 		 		 		 		 		 		 1.04	 1.2	 3.7	 16	115	 8.40	 3.7	 5.0	 7.1	 8.43	 -1.0	 3.0	 6.9	 8.50	 0.4	 3.3	 8.1	
Halons	
1211	 3.86	 3.3	 9.8	 35	 3.76	 -0.5	 9.5	 27	 3.66	 -3.5	 7.2	 28	1202	 0.02	 15	 68	 140	 0.02	 2.4	 53	 220	 0.01	 22	 45	 120	1301	 3.29	 -7.5	 -2.1	 6.5	 3.26	 -3.0	 0.4	 6.3	 3.27	 -3.9	 1.4	 10	2402	 0.45	 2.3	 9.4	 14	 0.44	 1.2	 10	 96	 0.43	 -21	 5.4	 8.6	
HCFCs	



































CCl4	 85.58	 1.9	 4.7	 56	 84.68	 -3.9	 0.9	 19	 83.47	 -0.9	 2.7	 13	CH3CCl3	 4.70	 0.8	 7.2	 16	 3.87	 -5.3	 2.2	 13	 3.22	 -8.9	 1.4	 14	
VSLS-Cl	
PCE	 2.20	 -25	 99	 390	 2.65	 -38	 110	 600	 2.30	 -22	 88	 290	CH2Cl2	 54.80	 40	 340	 770	 49.00	 54	 440	 8000	 51.60	 15	 280	 940	Chloroform	 7.78	 49	 320	 2500	 8.61	 61	 310	 1100	 9.48	 34	 200	 1200	
Methyl	
Halides	
CH3Cl	 576.56	 31	 60	 110	 546.17	 5.6	 38	 99	 553.71	 16	 39	 97	CH3Br	 7.37	 120	 160	 560	 7.13	 14	 110	 300	 6.80	 29	 84	 200	
HFCs	

































C2F6	 3.75	 2.3	 11	 19	 3.79	 1.4	 6.3	 120	 3.83	 1.6	 5.9	 29	C3F8	 0.58	 0.6	 15	 88	 0.59	 -2.4	 11	 930	 0.61	 -14	 -0.2	 100	C4F101	 		 		 		 		 0.18	 -7.1	 4.5	 33	 0.18	 -2.7	 5.6	 12.	c-C4F82	 1.31	 -21	 -13	 -0.2	 1.34	 2.3	 10	 180	 1.37	 4.1	 10	 58	C5F121	 0.14	 74	 150	 290	 0.15	 3.3	 12	 31	 0.15	 -1.5	 2.3	 6.8	C6F141	 0.26	 170	 350	 640	 		 		 		 		 0.26	 -1.6	 4.2	 130	C7F161	 0.12	 160	 300	 550	 0.12	 -13	 10	 89	 0.12	 -9.3	 6.1	 59	SF6	 7.90	 -2.5	 13	 82	 8.26	 0.7	 19	 220	 8.53	 0.3	 9.6	 120	
Other	









Group	 Name	 2013	 2014	 2015	
CFCs	
11	 0.383	 0.391	 0.388	12	 0.861	 0.821	 0.362	13	 0.010	 0.006	 0.005	113	 0.015	 0.004	 -	113a1	 0.004	 0.004	 0.004	114	 -	 -	 0.3	114a	 -	 -	 0.01	115	 0.075	 0.047	 0.038	
Halons	
1211	 0.01	 0.03	 0.01	1202	 0.038	 0.026	 0.010	1301	 0.08	 0	 0	2402	 0.013	 0.002	 0.006	
HCFCs	
22	 0.61	 0.75	 0.66	133a1	 0.043	 0.043	 0.043	141b	 0.11	 0.01	 0.12	142b	 0.01	 0.04	 0.14	
Chloro-
carbons	
CCl4	 0.323	 0.291	 0.247	CH3CCl3	 0.03	 0.022	 0.022	
VSLS-Cl	









Group	 Name	 2013	 2014	 2015	
Methyl	
Halides	
CH3Cl	 0.2	 0.4	 0.2	CH3Br	 0	 0	 0.01	
HFCs	
23	 0.144	 0.114	 0.105	125	 0.07	 0.52	 0.43	134a	 0.08	 0.07	 0.02	143a	 0.3	 0.35	 0.58	152a	 0.02	 0.05	 0.09	227ea	 0.03	 0.03	 0.01	245fa	 0.073	 0.044	 0.041	365mfc	 0.003	 0.005	 0.023	
PFCs	
C2F6	 0.027	 0.020	 0.012	C3F8	 0.03	 0.03	 0.03	C4F101	 0.003	 0.003	 0.003	c-C4F82	 0.02	 0.02	 0.02	C5F121	 0.003	 0.003	 0.003	C6F141	 0.007	 0.007	 0.007	C7F161	 0.004	 0.004	 0.004	SF6	 0.036	 0.029	 0.03	
Other	






Canister Date Time Fill (psi) Wind Local UTC 
K1623 20/01/14 12:05 04:05 26 light 
K1621 20/01/14 16:10 08:10 30 light 
K1635 21/01/14 12:10 04:10 30 light 
K1622 22/01/14 11:45 03:45 30 light 
K1624 23/01/14 12:50 04:50 40 light from sea 
K1633 24/01/14 17:40 09:40 40 mod from sea 
K1634 25/01/14 12:08 04:08 40 light 
K1527 26/01/14 12:15 04:15 40 light from sea 
K1636 27/01/14 17:55 09:55 40 mod from sea 
K1632 28/01/14 12:25 04:25 40 strong from sea 
K1531 28/01/14 17:05 09:05 40 mod from sea 
K1529 29/01/14 17:00 09:00 40 light from sea 
K1518 30/01/14 11:55 03:55 40 strong from sea 
K1573 30/01/14 17:45 09:45 40 light from sea 
K1566 30/01/14 19:40 11:40 40  
K1572 30/01/14 23:59 16:00 40  
K1565 31/01/14 08:00 00:00 40 light from land 
K1571 31/01/14 12:00 04:00 40 light from sea 
K1563 31/01/14 16:00 08:00 40 light from sea 
K1568 31/01/14 20:00 12:00 40 light from sea 
K1584 01/02/14 08:00 00:00 40 no breeze 
K1520 01/02/14 12:00 04:00 40 v light from sea 
K1582 01/02/14 16:00 08:00 40 light from sea 
K1567 01/02/14 20:00 12:00 40 light from sea 
K1570 02/02/14 12:10 04:10 40 light from sea 
K1561 03/02/14 14:15 06:15 40 mod from sea 






















Group	 Name	 Min	 Median	 Max	 Min	 Median	 Max	 Min	 Median	 Max	
CFCs	
11	 226	 237	 245	 226	 237	 246	 235	 237	 243	12	 516	 523	 526	 516	 523	 526	 521	 522	 523	13	 3.8	 4.0	 4.1	 3.8	 4.0	 4.1	 4.0	 4.0	 4.1	113	 73.8	 74.5	 75.8	 73.8	 74.3	 75.8	 74.4	 74.6	 75.2	113a	 0.68	 0.75	 1.0	 0.71	 0.90	 1.0	 0.68	 0.72	 0.74	114	 14.2	 15.0	 15.6	 14.2	 15.0	 15.6	 14.8	 14.9	 15.2	114a	 1.0	 1.1	 1.1	 1.0	 1.1	 1.1	 1.0	 1.0	 1.0	115	 8.6	 8.8	 8.9	 8.6	 8.8	 8.9	 8.7	 8.8	 8.8	
Halons	 1211	 3.9	 4.0	 4.4	 3.9	 4.1	 4.4	 3.9	 3.9	 4.0	1202	 0.02	 0.02	 0.04	 0.02	 0.03	 0.04	 0.02	 0.02	 0.02	1301	 3.1	 3.3	 3.6	 3.1	 3.4	 3.6	 3.1	 3.2	 3.3	2402	 0.44	 0.47	 0.49	 0.45	 0.47	 0.49	 0.44	 0.47	 0.48	








Group	 Name	 Min	 Median	 Max	 Min	 Median	 Max	 Min	 Median	 Max	
VSLS-Cl	 CH2Cl2	 76	 180	 390	 140	 190	 390	 76	 85	 100	DCE	 20	 57	 120	 51	 64	 120	 20	 23	 31	PCE	 1.9	 4.3	 9.5	 3.4	 4.6	 9.5	 1.9	 2.0	 2.0	Chloroform	 15	 21	 30	 20	 24	 30	 15	 15	 17	C2H5Cl	 10.0	 21	 30	 15	 25	 30	 10	 14	 19	












Group	 Name	 Min	 Median	 Max	 Min	 Median	 Max	 Min	 Median	 Max	
CFCs	
11	 234.91	 -3.83	 0.89	 4.52	 -3.83	 0.89	 4.52	 0.04	 0.69	 3.59	12	 520.95	 -0.87	 0.31	 1.00	 -0.87	 0.39	 1.00	 -0.05	 0.11	 0.41	13	 3.84	 -0.08	 4.3	 7.3	 -0.08	 4.4	 7.3	 3.0	 4.0	 6.0	113	 73.09	 0.93	 1.92	 3.75	 0.93	 1.69	 3.75	 1.8	 2.0	 3.0	113a1	 0.51	 32	 46	 95	 39	 75	 95	 32	 41	 44	114	 14.81	 -3.9	 1.2	 5.1	 -3.9	 1.2	 5.1	 -0.01	 0.80	 2.7	114a	 1.02	 -1.4	 2.5	 11	 1.5	 4.4	 11	 -1.4	 -0.46	 1.5	115	 8.43	 1.5	 4.1	 5.9	 1.5	 4.1	 5.9	 3.3	 4.2	 4.7	
Halons	 1211	 3.78	 2.1	 6.7	 16	 2.34	 8.76	 16.06	 2.07	 3.63	 4.78	1202	 0.02	 12	 48	 170	 40.55	 55.92	 174.29	 11.78	 15.83	 25.03	1301	 3.32	 -6.7	 -0.64	 6.8	 -5.52	 2.26	 6.81	 -6.74	 -3.87	 -1.07	2402	 0.44	 0.85	 6.8	 11	 1.33	 6.96	 10.57	 0.85	 6.82	 8.23	












Group	 Name	 Min	 Median	 Max	 Min	 Median	 Max	 Min	 Median	 Max	
VSLS-Cl	 CH2Cl2	 55.50	 38	 220	 600	 160	 240	 600	 38	 52	 84	DCE	 	 	 	 	 	 	 	 	 	 	PCE	 1.75	 6.1	 150	 440	 95	 160	 440	 6.1	 13	 18	Chloroform	 10.36	 40	 110	 190	 90	 140	 190	 40	 42	 66	C2H5Cl	 	 	 	 	 	 	 	 	 	 	





multiplication	factors		 Group	 Compound	 Multiplication	Factor	
CFCs	
CFC-11	 3	CFC-12	 2	CFC-13	 1	CFC-113	 3	CFC-113a	 3	CFC-114	 2	CFC-114a	 2	CFC-115	 1	
Halons	 H1211	 120	H1202	 61	H1301	 60	H2402	 120	
HCFCs	 HCFC-22	 1	HCFC-133a	 1	HCFC-141b	 1	HCFC-142b	 2	
VSLS-Cl	 CH2Cl2	 1	DCE	 2	PCE	 3	Chloroform	 4	C2H5Cl	 2	





Sample	 8	CFCs	 4	Halons	 4	HCFCs	 5	VSLS-Cl	 5	VSLS-Br	 3	Chlorocarbons	 2	Methyl	Halides	 Total	20/01/14	 2039.12	 744.73	 313.83	 363.53	 729.33	 359.58	 1831.56	 6381.69	20/01/14	 2033.37	 738.09	 321.62	 453.72	 750.93	 347.95	 2210.33	 6856.01	21/01/14	 2026.95	 757.37	 326.14	 508.17	 527.53	 363.69	 1942.66	 6452.52	22/01/14	 2032.41	 755.57	 318.48	 468.35	 753.05	 349.81	 2008.66	 6686.34	23/01/14	 2057.49	 784.00	 348.83	 835.88	 640.92	 375.71	 1789.40	 6832.22	24/01/14	 1982.06	 697.97	 326.90	 509.20	 935.24	 354.02	 2489.93	 7295.33	25/01/14	 2061.61	 746.89	 322.00	 502.67	 628.49	 392.06	 1724.90	 6378.61	26/01/14	 1993.60	 722.41	 320.90	 416.81	 572.39	 367.08	 1476.49	 5869.68	27/01/14	 2046.44	 719.21	 304.66	 276.88	 473.13	 353.21	 1361.27	 5534.80	28/01/14	 2007.62	 689.08	 304.03	 214.62	 668.76	 341.64	 1494.77	 5720.51	30/01/14	 2034.09	 712.55	 300.24	 223.37	 486.49	 355.84	 1185.70	 5298.29	02/02/14	 2019.62	 704.27	 303.06	 209.18	 530.80	 351.12	 1326.99	 5445.03	Total	Error	 23.93	 12.65	 2.82	 9.75	 27.91	 6.48	 24.29	 107.84			
Table	3:	2012	avergae	EECl	for	compound	groups	as	established	from	Carpenter	and	Reimann,	2014.		 	 Cl-ODS	 Br-ODS	 VSLS-Cl	 VSLS-Br	 Total	2012	
Average	 3203.2	 1139.3	 91.9	 366.4	 4800.9	
	 LXXVII	
	
